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PREFACE

This study was a part of an investigation of the strength of soils
that have been weakened by earthquake shaking, and the stability of

embankment dams containing or founded on susceptible soils. This report
is one of a series which documents the investigation. The project was

carried out jointly by Geotechnical Engineers, Inc. (GEl), H. Bolton Seed,
Inc., Rensselaer Polytechnic Institute (RPI), and the US Army Engineer
Waterways Experiment Station (WES). Principal Investigators were Dr.
Gonzalo Castro for GEl, Professor H. Bolton Seed, Professor Ricardo Dobry

for RPI, and Dr. A. G. Franklin for WES. Mr. Edward Pritchett, Office of
the Chief of Engineers, Washington, DC, was responsible for recognizing
the importance and timeliness of this research to the Corps of Engineers,

and for generating Corps support for the project. Funding was provided
through the US Army Engineer District, Kansas City, for whom oversight
was provided by Mr. Francke Walberg.

Essential to the overall investigation was an exploration and

records review effort at the Lower San Fernando Dam, in order to obtain
crucial data and soil samples for laboratory testing. This effort
included an extensive drilling and penetration testing program, excavation
of a large-diameter shaft, in-situ testing, collection of samples, and

review of historical records. The Los Angeles Department of Water and
Power, owner of the Lower San Fernando Dam, provided access to the site
and to the historical records, and other assistance. The California

Department of Water Resources provided information from their files.

Drilling, Standard Penetration Testing, and undisturbed sampling
from borings were performed by WES, under the supervision of Mr. Joseph
Gatz. Cone Penetration Test soundings were performed by Earth Technology
Corporation (ERTEC). Excavation of the exploratory shaft was done by

Zamborelli Drilling Company, under the direction of GEl. Investigations

and sampling in the shaft, and the review of historical records, were done
by and under the supervision of Mr. Tom Keller of GEl.

The results presented in this report were developed by H. Bolton
Seed, Inc., in cooperation with the Stanford University Geotechnical

Laboratory. The work was carried out under WES Contract No. DACW39-85-
C-0048.

The technical monitor and Contracting Officer's Representative at ?or
WES was Dr. A. G. Franklin, Chief of the Earthquake Engineering and

Geosciences Division, Geotechnical Laboratory. The primary WES reviewer 0
was Dr. Paul F. Hadala, Assistant Chief of the Geotechnical Laboratory. 0
Chief of the Geotechnical Laboratory was Dr. William F. Marcuson III.

Commander and Director of WES during the preparation of this report
was COL Larry B. Fulton, EN. Dr. Robert W. Whalin was Technical Director.

AvalAibility Codes

D ft vail and/or

Dis jpoa



CONTENTS

Page

PREFACE 1

LIST OF TABLES 4

LIST OF FIGURES 5

CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF
MEASUREMENT 13

1. Introduction 14

2. Field Investigations in 1985 35

3. Changes of Density of Hydraulic Fill Since 1971 Earthquake 44

Station 9+00 44

Station 5+00 48

4. Analyses of Standard Penetration Test Data for Downstream
Shell of Embankment 54

1971 Investigation 54
1985 Investigation 62

Summary 66

5. Results of Cyclic Load Tests on Silty Sand 70
Laboratory Test Data 70
Effect of Void Ratio Changes on Test Results 80

6. Results of Steady-State Strength Tests 86
Test Results 88

Discussion of Results 98

7. Properties of Hydraulic Fill Near the Base of the

Upstream Shell of the Embankment 100
(1) Penetration Resistance 101
(2) Cyclic Loading Resistance 101

(3) Steady-State Strength 103

8. Practical Significance of Test Data 104

(a) Steady-State Strength Determination 106
(b) Determinations of Cyclic Loading Resistance 115

(c) Post-Liquefaction Resistance of Hydraulic Fill

Determined from Laboratory TEsts 122

9. Conclusions 125

10. Acknowledgments 128

References

2



CONTENTS (Contd.)

Page

Appendix I: Laboratory Testing Procedure and Test Results 132

I-i. General 132
1-2. Steady State Line Evaluation 134

1-2.1 Steady State Line for Silty Sands 135
1-2.2 Steady State Line for Sandy Silts 137

1-3. Evaluation of Steady State Strengths In-Situ 139
1-4. Undrained Cyclic Triaxial Testing 144
I-A. IC-U Triaxial Tests on Reconstituted Samples 148
I-B. Handling and Testing of Undisturbed Samples 168

B.1 Sampling 168
B.2 Sample Extrusion and Test Set-Up 169
B.3_ C-U Triaxial Testing 173

I-C. IC-U Triaxial Tests on Undisturbed Samples 175
I-D. Undrained Cyclic Triaxial Tests on Undisturbed Samples 208

3



LIST OF TABLES

Page
No.

Table 2-1 Soil Profile Near Boring S111 41

Table 4-1 Recommended SPT Procedure for Use in Liquefaction
Correlations 57

Table 5-1 Test Data for Isotropically Consolidated-Undrained
Cyclic Triaxial Tests on Undisturbed Samples of
Hydraulic Fill from Lower San Fernando Dam 76

Table 5-2 Test Data for Anisotripically Consolidated-Undrained
Cyclic Triaxial Tests on Undisturbed Samples of
Hydraulic Fill From Lower San Fernando Dam 77

Table 6-1 Summary of Estimated Steady-State Strengths for
Silt Samples 97

Table 6-2 Summary of Estimated Steady State Strengths for
Sand Samples 97

Table 8-1 Summary of Strength Parameters for Lower San Fernando

Dam Hydraulic Fill 105

Table I-I IC-U Triaxial Tests on Bulk Sample No. 3 138

Table 1-2 IC-U Triaxial Tests on Bulk Sample No. 7 140

Table 1-3 Residual Strengths Based on IC-U Triaxial Tests on
Undisturbed Samples of Hydraulic Fill from Lower San
Fernando Dam 142

Table 1-4 IC-U Triaxial Tests on Undisturbed Samples of Hydraulic
Fill from Lower San Fernando Dam 143

Table 1-5 Isotropically Consolidated-Undrained Cyclic Triaxial
Tests on Undisturbed Silty Clay Hydraulic Fill Samples
from Lower San Fernando Dam 146

4



LIST OF FIGURES

Page
No.

Figure 1-1 Failure and Reconstructed Cross Section, Lower San
Fernando Dam (After Seed et al., 1983) 15

Figure 1-2 Observed Water Level Changes in Wells in Downstream
Shell and Foundation of Lower San Fernando Dam 17

Figure 1-3 Observed Water Level Changes in Wells in Downstream
Shell and Foundation of Lower San Fernando Dam 18

Figure 1-4 Analysis of Response of Lower Dam During San Fernando
Earthquake to Base Motions Determined from Seismoscope
Record (After Seed et al., 1973) 21

Figure 1-5 Procedure for Determining Steady-State Strength for
Soil at Field Void Ratio Condition (After Poulos
et al., 1985) 23

Figure 1-6 Tentative Relationship Between Residual Strength and
SPT N Values for Sands 25

Figure 1-7 Schematic Illustration of Stress Conditions When
Liquefaction Failure Occurs in Laboratory Cyclic
Load Tests 26

Figure 1-8 Cross Section of Lower San Fernando Dam at End of
Earthquake 29

Figure 1-9 Post-Failure Configuration of Upstream Shell of Lower
San Fernando Dam 32

Figure 2-1 Cross-Section Through Lower San Fernando Dam in 1985
(after GEl) 36

Figure 2-2 Plan of Lower San Fernando Dam Showing Locations of
Borings and Exploration Shaft (after GEl) 38

Figure 2-3 Soil Conditions and Penetration Resistance Values Near
Boring Sll (after GEl) 39

Figure 2-4 Soil Profile at Station 9+35 (after GEI) 40

Figure 2-5 Soil Profile Near Boring Sll 43

Figure 3-1 Observed Settlements Along Cross-Section Through Station
9+00 (Data provided by Geotechnical Engineers Inc.) 45

Figure 3-2 Observed Settlements Along Cross-Section Through Station
9+00 (Data provided by Geotechnical Engineers Inc.) 47

5



LIST OF FIGURES (Contd.)

Page
No.

Figure 3-3 Comparison of Post-Earthquake Settlements for Columns
A and B Along Cross-Section Through Station 5+00 49

Figure 3-4 Observed Horizontal Movements of Survey Points Along
Cross-Section Through Station 9+00 (Data provided by
Geotechnical Engineers Inc.) 50

Figure 3-5 Settlement Records for Survey Point Located 15 ft From
Exploratory Shaft (Data provided by Geotechnical
Engineers Inc.) 53

Figure 4-1 Plan of Lower San Fernando Dam Showing Boring Locations
in 1971 Investigation 55

Figure 4-2 Results of Standard Penetration Tests in Downstream Shell
in 1971 Investigations 56

Figure 4-3 Values of CN  59

Figure 4-4 Results of Standard Penetration Tests in Cohesionless
Soils in Downstream Shell in 1971 Investigation 60

Figure 4-5 Analyses of SPT Data for Cohesionless Soils in Downstream
Shell - 1971 Investigation 61

Figure 4-6 Comparison of SPT Data in 1967 and 1971 Investigations 63

Figure 4-7 Results of Standard Penetration Tests in Downstream Shell
in 1985 Investigation 64

Figure 4-8 Analyses of SPT Data for Borings in Downstream Shell in
1985 Investigation 65

Figure 4-9 Comparison of Results of SPT Determinations in Downstream
Shell in 1971 and 1985 Investigations 67

Figure 5-1 Results of Cyclic Load Tests on Undisturbed Samples of
Silty Sand 71

Figure 5-2 Grain-Size Distribution Curves for Undisturbed Samples
of Silty Sand Subjected to Cyclic Load Tests (IC-U) 73

Figure 5-3 Grain-Size Distribution Curves for Undisturbed Samples
of Sandy Silt Subjected to Cyclic Load Tests (IC-U) 74

Figure 5-4 Results of Cyclic Load Tests on Undisturbed Samples
of Silty Sand and Sandy Silt 75

6



LIST OF FIGURES (Contd.)

Page
No.

Figure 5-5 Grain-Size Distribution Curves for Undisturbed Samples
of Silty Sand Subjected to Cyclic Load Tests (AC-U) 78

Figure 5-6 Comparison of IC-U and AC-U Cyclic Load Test Data for
Undisturbed Samples of Silty Sand 79

Figure 5-7 Relationships Between Stress Ratios Causing Liquefaction
and (N1 )6 0-Values for Sands and Silty Sands in M z 7 1/2
Earthquakes (after Seed et al., 1985) 82

Figure 5-8 Comparison of Results of Laboratory Cyclic Load Tests
with Data Determined From Field Case Studies 84

Figure 6-1 Cross-Sectional Projection of Exploratory Test Shaft and
Conventional Borehole Sample Locations 87

Figure 6-2 Grain-Size Distribution for Bulk Sample No. 3 89

Figure 6-3 Grain-Size Distribution for Bulk Sample No. 7 90

Figure 6-4 Steady State Line for Bulk Sample No. 3 (Silty Sand) 91

Figure 6-5 Steady State Line for Bulk Sample No. 7 (Sandy Silt) 92

Figure 6-6 Grain Size Distribution Curves for Undisturbed Samples
Subjected to IC-U Triaxial Tests 93

Figure 6-7 Steady State Strength Data for Undisturbed Samples of
Sandy Silt 95

Figure 6 8 Steady State Strength Data for Undisturbed Samples of
Silty Sand 96

Figure 7-1 Comparison of Estimated Cyclic Loading Resistance
Curves for Sand Near Base of Upstream Shell of Lower
San Fernando Dam 102

Figure 8-1 Estimated Changes in Average Driving Stress and Shear
Resistance of Hydraulic Fill Near Base of Upstream Shell
After Start of Earthquake Until End of Slide Movements 109

Figure 8-2 Comparison of Steady-State Strengths and Residual
Strengths Determined From Field Conditions 111

Figure 8-3 Comparison Between Values of Residual Strength and
Steady-State Strength Determined in this Study 114

7



LIST OF FIGURES (Contd.)

Page
No.

Figure 8-4 Analysis of Response of Lower Dam During San Fernando
Earthquake to Base Motions Determined from Seismoscope
Record 117

Figure 1-i Cross-Sectional Projection of Exploratory Test Shaft
and Conventional Borehole Sample Locations 133

Figure 1-2 Isotropically Consolidated Undrained Cyclic Triaxial
Tests on Undisturbed Samples of Clayey Hydraulic Fill 147

Figure A-i IC-U Triaxial Test No. BS3-1 149

Figure A-2 IC-U Triaxial Test No. BS3-2 150

Figure A-3 IC-U Triaxial Test No. BS3-3 151

Figure A-4 IC-U Triaxial Test No. BS3-4 152

Figure A-5 IC-U Triaxial Test No. BS3-5 153

Figure A-6 IC-U Triaxial Test No. BS3-6 154

Figure A-7 IC-U Triaxial Test No. BS3-7 155

Figure A-8 IC-U Triaxial Test No. BS3-8 156

Figure A-9 IC-U Triaxial Test No. BS3-9 157

Figure A-10 IC-U Triaxial Test No. BS7-1 158

Figure A-1I IC-U Triaxial Test No. BS7-2 159

Figure A-12 IC-U Triaxial Test No. BS7-3 160

Figure A-13 IC-U Triaxial Test No. BS7-4 161

Figure A-14 IC-U Triaxial Test No. BS7-5 162

Figure A-15 IC-U Triaxial Test No. BS7-6 163

Figure A-16 IC-U Triaxial Test No. BS7-7 164

Figure A-17 IC-U Triaxial Test No. BS7-8 165

Figure A-18 IC-U Triaxial Test No. BS7-2W 16(,

Figure A-19 IC-U Triaxial Test No. BS7-3W 167

8



LIST OF FIGURES (Contd.)

Page
No.

Figure C-I IC-U Triaxial Test No. 4: Hydraulic Fill 176

Figure C-2 Grain Size Distribution; IC-U Test Sample No. 4 177

Figure C-3 IC-U Triaxial Test No. 7: Hydraulic Fill 178

Figure C-4 Grain Size Distribution; IC-U Test Sample No. 7 179

Figure C-5 IC-U Triaxial Test No. 10: Hydraulic Fill 180

Figure C-6 Grain Size Distribution; IC-U Test Sample No. 10 181

Figure C-7 IC-U Triaxial Test No. 11: Hydraulic Fill 182

Figure C-8 Grain Size Distribution; IC-U Test Sample No. 11 183

Figure C-9 IC-U Triaxial Test No. 12: Hydraulic Fill 184

Figure C-10 Grain Size Distribution; IC-U Test Sample No. 12 185

Figure C-I IC-U Triaxial Test No. 14: Hydraulic Fill 186

Figure C-12 Grain Size Distribution; IC-U Test Sample No. 14 187

Figure C-13 IC-U Triaxial Test No. 16: Hydraulic Fill 188

Figure C-14 Grain Size Distribution; IC-U Test Sample No. 16 189

Figure C-15 IC-U Triaxial Test No. 20: Hydraulic Fill 190

Figure C-16 Grain Size Distribution; IC-U Test Sample No. 20 191

Figure C-17 IC-U Triaxial Test No. 28: Hydraulic Fill 192

Figure C-18 Grain Size Distribution; IC-U Test Sample No. 28 193

Figure C-19 IC-U Triaxial Test No. 43: Hydraulic Fill 194

Figure C-20 Grain Size Distribution; IC-U Test Sample No. 43 195

Figure C-21 IC-U Triaxial Test No. 44: Hydraulic Fill 196

Figure C-22 Grain Size Distribution; IC-U Test Sample No. 44 197

Figure C-23 IC-U Triaxial Test No. 45: Hydraulic Fill 198

Figure C-24 Grain Size Distribution; IC-U Test Sample No. 45 199

9



LIST OF FIGURES (Contd.)

Page
No.

Figure C-25 IC-U Triaxial Test No. 46: Hydraulic Fill 200

Figure C-26 Grain Size Distribution; IC-U Test Sample No. 46 201

Figure C-27 IC-U Triaxial Test No. 50: Hydraulic Fill 202

Figure C-28 Grain Size Distribution; IC-U Test Sample No. 50 203

Figure C-29 IC-U Triaxial Test No. 51: Hydraulic Fill 204

Figure C-30 Grain Size Distribution; IC-U Test Sample No. 51 205

Figure C-31 IC-U Triaxial Test No. 52: Hydraulic Fill 206

Figure C-32 Grain Size Distribution; IC-U Test Sample No. 52 207

Figure D-1 Undrained Cyclic Triaxial Test No. 1: Hydraulic Fill 209

Figure D-2 Grain Size Distribution; Cyclic Triaxial Test No. 1 210

Figure D-3 Undrained Cyclic Triaxial Test No. 2: Hydraulic Fill 211

Figure D-4 Grain Size Distribution; Cyclic Triaxial Test No. 2 212

Figure D-5 Undrained Cyclic Triaxial Test No. 3: Hydraulic Fill 213

Figure D-6 Grain Size Distribution; Cyclic Triaxial Test No. 3 214

Figure D-7 Undrained Cyclic Triaxial Test No. 5: Hydraulic Fill 215

Figure D-8 Grain Size Distribution; Cyclic Triaxial Test No. 5 216

Figure D-9 Undrained Cyclic Triaxial Test No. 8: Hydraulic Fill 217

Figure D-10 Grain Size Distribution; Cyclic Triaxial Test No. 8 218

Figure D-11 Undrained Cyclic Triaxial Test No. 15: Hydraulic Fill 219

Figure D-12 Grain Size Distribution; Cyclic Triaxial Test No. 15 220

Figure D-13 Undrained Cyclic Triaxial Test No. 17: Hydraulic Fill 221

Figure D-14 Grain Size Distribution; Cyclic Triaxial Test No. 17 222

Figure D-15 Undrained Cyclic Triaxial Test No. 18: Hydraulic Fill 223

Figure D-16 Grain Size Distribution; Cyclic Triaxial Test No. 18 225

10



LIST OF FIGURES (Contd.)

Page
No.

Figure D-17 Undrained Cyclic Triaxial Test No. 21: Hydraulic Fill 226

Figure D-18 Grain Size Distribution; Cyclic Triaxial Test No. 21 227

Figure D-19 Undrained Cyclic Triaxial Test No. 22: Hydraulic Fill 228

Figure D-20 Grain Size Distribution; Cyclic Triaxial Test No. 22 229

Figure D-21 Undrained Cyclic Triaxial Test No. 27: Hydraulic Fill 230

Figure D-22 Grain Size Distribution; Cyclic Triaxial Test No. 27 232

Figure D-23 Undrained Cyclic Triaxial Test No. 30: Hydraulic Fill 233

Figure D-24 Grain Size Distribution; Cyclic Triaxial Test No. 30 234

Figure D-25 Undrained Cyclic Triaxial Test No. 31: Hydraulic Fill 235

Figure D-26 Grain Size Distribution; Cyclic Triaxial Test No. 31 236

Figure D-27 Undrained Cyclic Triaxial Test No. 32: Hydraulic Fill 237

Figure D-28 Grain Size Distribution; Cyclic Triaxial Test No. 32 240

Figure D-29 Undrained Cyclic Triaxial Test No. 33: Hydraulic Fill 241

Figure D-30 Grain Size Distribution; Cyclic Triaxial Test No. 33 242

Figure D-31 Undrained Cyclic Triaxial Test No. 34: Hydraulic Fill 243

Figure D-32 Grain Size Distribution; Cyclic Triaxial Test No. 34 244

Figure D-33 Undrained Cyclic Triaxial Test No. 35: Hydraulic Fill 245

Figure D-34 Grain Size Distribution; Cyclic Triaxial Test No. 35 246

Figure D-35 Undrained Cyclic Triaxial Test No. 36: Hydraulic Fill 247

Figure D-36 Grain Size Distribution; Cyclic Triaxial Test No. 36 248

Figure D-37 Undrained Cyclic Triaxial Test No. 39: Hydraulic Fill 249

Figure D-38 Grain Size Distribution; Cyclic Triaxial Test No. 39 251

Figure D-39 Undrained Cyclic Triaxial Test No. 40: Hydraulic Fill 252

Figure D-40 Grain Size Distribution; Cyclic Triaxial Test No. 40 255

11



LIST OF FIGURES (Contd.)

Page
No.

Figure D-41 Undrained Cyclic Triaxial Test No. 41: Hydraulic Fill 256

Figure D-42 Grain Size Distribution; Cyclic Triaxial Test No. 41 258

Figure D-43 Undrained Cyclic Triaxial Test No. 42: Hydraulic Fill 259

Figure D-44 Grain Size Distribution; Cyclic Triaxial Test No. 42 261

Figure D-45 Undrained Cyclic Triaxial Test No. 47: Hydraulic Fill 262

Figure D-46 Grain Size Distribution; Cyclic Triaxial Test No. 47 263

Figure D-47 Undrained Cyclic Triaxial Test No. 49: Hydraulic Fill 264

Figure D-48 Grain Size Distribution; Cyclic Triaxial Test No. 49 265

12



CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF MEASUREMENT

Non-Si units of measurement used in this report may be converted to metric

(SI) units as follows:

Multiply By To Obtain

cubic feet 0.02831685 cubic metres

inches 2.54 centimetres

pounds (force) 4.448222 newtons

pounds (force) per 6.894757 kilopascals

square inch

square inches 6.4516 square centimetres

13



RE-EVALUATION OF THE LOWER SAN FERNANDO DAM

REPORT 2:
EXAMINATION OF THE POST-EARTHQUAKE SLIDE OF FEBRUARY 9, 1971

by

H. Bolton Seed, Raymond B. Seed, Leslie F. Harder and Hsing-Lian Jong

1. Introduction

The Lower San Fernando Dam in California developed a major slide in the

upstream slope and crest as a result of the 1971 San Fernando earthquake. An

investigation of the slide, including trenches and borings, in situ density

tests, undisturbed sampling, index testing, static and cyclic load testing,

and analyses was performed and reported by Seed et al. (1973), Seed et al.

(1975a), Seed et al. (1975b), and Lee et al. (1975). The field investigation

showed that the slide occurred due to liquefaction of a zone of hydraulic sand

fill near the base of the upstream shell.

Two cross sections of the Lower San Fernando Dam are presented in

Fig. 1-1, one showing the observations made in a trench excavated through the

slide area and the other showing a reconstructed cross section of the dam,

illustrating the zone in which liquefaction occurred. Large blocks of

essentially intact soil from the upstream section of the dam moved into the

reservoir, riding over or "floating" on the liquefied soil. After movements

stopped, the liquefied soil was found to have extruded out below the toe of

the dam and up between the intact blocks, with maximum movements as much as

200 ft (61 m) beyond the toe of the dam. The block of soil which contained

the toe of the dam moved about 150 ft (46 m) into the reservoir.

Data from seismoscopes located on the abutment and on the crest of the

embankment indicated peak accelerations of about 0.55g and 0.5g, respectively,

and an analysis of the seismoscope record on the dam crest indicated that the

slide occurred about 20 to 30 seconds after the earthquake shaking had stopped

14
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(Seed, 1979). Thus the large slide movements apparently developed in the

absence of earthquake-induced stresses and were caused only by the static

stresses due to the weight of the materials in the embankment. It can thus be

inferred that the earthquake shaking triggered a loss of strength in the soils

comprising the embankment and it was this loss of strength, rather than the

inertia forces induced by the earthquake shaking, which led to the sliding of

the upstream slope.

It has been estimated that the slide movements in the Lower San Fernando

Dam developed mainly in about 40 seconds, suggesting that the average rate of

movement was about 5 ft/sec or 3 mph (5 kph). This comparatively slow rate of

movement indicates that the soil in the slide zone was in a marginal state of

limiting equilibrium during the period of sliding and that the factor of

safety was only slightly less than 1.0. However the flow of liquefied sand

into cracks in the embankment and the flow of sand beyond the toe of the

embankment suggests that the strength of the liquefied sand in some zones must

have been quite low.

While it is readily apparent that sliding due to liquefaction occurred

in the upstream shell of the embankment, performance data from the files of

the City of Los Angeles Department of Water and Power show that the water

levels measured in wells installed in the downstream shell showed only small

changes in elevation as a result of the earthquake shaking (see Figs. 1-2 and

1-3). Thus it would appear that while the earthquake caused a small increase

in pore pressure ratio in the downstream shell and its foundation, there was

no significant extent of soil liquefaction in this part of the embankment.

The analysis of the dynamic response of the dam, performed as part of

the investigation in 1973, was made using a method of analysis proposed by

Seed, Lee and Idriss (Seed et al., 1975b). This method of analysis involves

the following steps:

16
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I.Peermine the cross-section of the dam to be used for analysis.

Determine, with the cooperation of geologists and seismologists, the

7nAximum time history of base excitation to which the dam and its

fmidation might be subjected.

3. Determine, as accurately as possible, the stresses existing in the

embankment before the earthquake; this is probably done most effec-

tively at the present time using finite element analysis procedures.

4. Determine the dynamic properties of the soils comprising the dam,

such as shear modulus, damping characteristics, bulk modulus or

Poisson's ratio, which determine its response to dynamic excitation.

Since the material characteristics are nonlinear, it is also neces-

sary to determine how the properties vary with strain.

5. Compute, using an appropriate dynamic finite element analysis proce-

dure, the stresses induced in the embankment by the selected base

excitation.

6. Subject representative samples of the embankment materials to the

combined effects of the initial static stresses and the superimposed

dynamic stresses and determine their effects in terms of the genera-

tion of pore water pressures and the potential development of

strains. Perform a sufficient number of these tests to permit simi-

lar evaluations to be made, by interpolation, for all elements com-

prising the embankment.

7. From the knowledge of the pore pressures generated by the earth-

quake, the soil deformation characteristics and the strength charac-

teristics, evaluate the factor of safety against failure of the

embankment either during or following the earthquake.
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8. If the embankment is found to be safe against failure, use the

strains induced by the combined effects of static and dynamic loads

to assess the overall deformations of the embankment.

9. Be sure to incorporate the requisite amount of judgment in each of

steps (1) to (8) as well as in the final assessment of probable per-

formance, being guided by a thorough knowledge of typical soil char-

acteristics, the essential details of finite element analysis proce-

dures, and a detailed knowledge of the past performance of embank-

ments in other earthquakes.

Application of the method to the Lower San Fernando Dam led to the

conclusion that it provided a reasonable basis for evaluating the location

and extent of the zone of liquefaction in the upstream shell, as shown in

Fig. 1-4. The analysis also indicated that liquefaction would be expected

in limited zones of the downstream shell, as shown in Fig. 1-4. When the

liquefied soil was considered to have no residual strength the computed factor

of safety of the upstream shell was about 0.8 and it was thus concluded that

the analysis would indicate that failure would have occurred. However because

of the location and limited extent of the zones of liquefaction in the

downstream shell there was no danger of sliding in the downstream direction.

The same method of analysis also indicated failure of the Sheffield Dam in an

earthquake in 1925, and it correctly indicated no failures, and in fact no

liquefaction, in typical hydraulic fill dams subjected to earthquake motions

from Magnitude 6.5 earthquakes producing a peak acceleration of about 0.2g

(Seed et al., 1973). This is in accordance with the observed behavior of a

number of such dams including Fairmont, Silver Lake, and Lower Franklin dams

in the 1971 San Fernando earthquake. The method also seemed to explain

20
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reasonably well the performance of the Upper San Fernando Dam, in which there

was a downstream slide of about 5 ft in the same earthquake.

As a result of these successful analyses of embankment behavic',

method, in its original form or in slightly modified forms, has been use

for seismic stability evaluations of a number of dams in the past 15 %w ,r.!

(Babbitt et al., 1983; Marcuson et al., 1983; Smart and Von Thun, 19S3). Dumr-

ing that period, however, certain limitations of the method have been ,-i,

including the facts that:

1. The method sometimes predicts large potential deformations -

nying soil liquefaction which may not develop in the field.

2. The method does not provide any basis for evaluating the residuo.

strength of the soil in zones which are predicted to liquef.

and 3. The San Fernando Dam samples used for laboratory testing in tlhn

1973 studies were probably slightly disturbed and densified prior

to testing and thus may have given somewhat erroneous results.

At the same time, studies of the steady-state strength of liquefied soils by

Castro and Poulos (Castro et al., 1982; Poulos et al., 1985) have clearly

shown that even after liquefaction, many sands do retain a significant resis-

tance to shear deformations, and laboratory test procedures have been devel-

oped for evaluating this steady-state or residual strength (Poulos et al.,

1985).

The procedure proposed by Poulos et al. for this purpose is based on

careful laboratory testing of good-quality undisturbed samples. It is des-

cribed in detail in Poulos et al. (1985) and illustrated schematically in

Fig. 1-5. Basically it recognizes that samples of loose to medium dense sands

are likely to be densified in the sampling, transportation, handling and test-

ing procedures. Thus the steady state strength of the soil is measured at the
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eL = Void ratio of undisturbed sample
after consolidation in laboratory

ef = Void ratio of in-situ deposit
(SUs)L = Steady-state strength of soil

as determined in laboratory at
void ratio eL

Void (Sus)f-Steady-state strength at void ratio ef
Ratio,

e

Steady-state Line for
Re-constituted Samples

ef
I " .

eL- --------
I I
I I
1 I
I I
I I

*(Sus)f (Sus)L

Steady-state Strength, Sus (Log scale)

Fig. 1-5 PROCEDURE FOR DETERMINING STEADY-STATE STRENGTH FOR SOIL
AT FIELD VOID RATIO CONDITION (AFTER POULOS ET AL., 1985)
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void ratio at the time of failure in the laboratory and then, assuming that

the slope of the steady state line (the relationship between steady state

strength and void ratio) is the same for undisturbed and remolded samples,

the steady state strength measured in the laboratory is corrected to a lower

value corresponding to the void ratio of the soil in its field condition.

Associated with the development of this procedure has been the development of

improved procedures for obtaining undisturbed samples of sand for laboratory

testing purposes.

More recently Seed (1986, 1987) has analyzed the stability, after lique-

faction, of a number of field cases of instability resulting from liquefac-

tion. The most recent (1988) values of the residual strength of the liquefied

soils determined in this way, including several data points recently obtained

from studies of embankment failures during the 1985 Chilean earthquake

(De Alba et al., 1987) are shown in Fig. 1-6. Such values provide a useful

guide to residual strengths likely to be developed in other deposits of lique-

fied sand and they provide an important basis for evaluating the applicability

of laboratory testing procedures for determining such values.

In using case studies such as these to evaluate the residual or steady-

state strength of a liquefied soil, however, it is important to keep in mind

the meaning of this soil strength characteristic. As described by Poulos

et al. (1985), it is the lowest value of resistance to deformation which a

liquefied soil exhibits during deformation, at constant composition, over a

large range of deformations (see Fig. 1-7). This being the case it is correct

to conclude that if the steady-state strength of a deposit in which liquefac-

tion occurs over the full length of the potential slip surface is greater

than the average driving stress on this slip surface, including any inertia

effects, no significant deformations (i.e., failure) can develop. Thus
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riial ng Failure occurs when strength
driving V drops below the initial
shear driving shear stress
stress

Initial {Failure occurs when strength
drops below the initial

shear idriving shear stressstress

Steady-State
Strength

Strain

Fig. 1-7 SCHEMATIC ILLUSTRATION OF STRESS CONDITIONS WHEN
LIQUEFACTION FAILURE OCCURS IN LABORATORY CYCLIC
LOAD TESTS
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comparison of the driving stress and the steady-state strength is a useful

design technique for evaluating the possibility of major sliding occurring

under these conditions. Its validity however will clearly depend on the accu-

racy with which the residual or steady-state strength is determined and

on the computed value of the average driving stress for the pre-failure con-

figuration of the deposit under consideration.

When case histories are used to evaluate actual values of residual or

steady-state strength, however, the average driving stress on the potential

failure surface for the pre-failure configuration does not have the same level

of significance. The conditions when failure is initiated may be complicated

by the fact that liquefaction does not extend all the way along the failure

surface, or that sliding begins before all the soil has attained its minimum

resistance to deformation. Thus, as failure develops, the soil resistance may

still be dropping to its steady-state value, represented by the fact that the

theoretical factor of safety when the sliding was initiated may have been sig-

nificantly less than 1. Such conditions will probably always exist whenever a

major flow-type failure occurs. If the factor of safety were in fact unity,

then a small change in configuration would reduce the driving stress, raise

the factor of safety, and quickly arrest the slide movements. Large deforma-

tions indicate that large reductions in driving stress were required to bring

the slide movements to a stop and thus the factor of safety based on the

residual or steady-state strength of the soil being developed all along the

sliding surface could not have been unity for the pre-slide configuration. In

fact, if the residual or steady-state strength of the liquefied soil is devel-

oped over the full length of the failure surface, then the factor of safety

must be unity only when the slide movements stop, and thus it is the post-

27



failure configuration which provides the most reliable basis for evaluating

the residual or steady-state strength of a liquefied soil deposit.

This differentiation between the role of the driving stress in the pre-

failure and post-failure configurations is an important consideration in the

use of case histories to evaluate residual or steady-state strengths under

field conditions. It is directly analagous to the stress conditions illus-

trated for laboratory tests in Fig. 1-7 where the steady-state strength bears

no direct relationship to the pre-failure driving stresses acting on the soil

samples and is the same for both samples, even though they have different

driving stresses. Clearly the samples would not fail if the steady-state

strength were not less than the driving stress, but the steady-state strength

is not determined by the value of the driving stress. Similarly for design

evaluations the driving stress for the pre-slide configuration serves a very

useful purpose for evaluating stability, but for case study evaluations of

residual strength, it can only be regarded as providing a theoretical upper-

bound value which may bear no resemblance to the actual residual strength of

the soil.

In the case of the Lower San Fernando Dam slide, for example, the con-

figuration of the upstream shell of the embankment when sliding was initiated

was approximately as shown in Fig. 1-8. Analyses indicate that the average

driving stress along the potential failure surface was about 850 psf. If it

is assumed that all the soil along the failure surface was liquefied and that

the factor of safety at this time was unity, then it would be concluded that

the residual or steady-state strength of the liquefied soil was about 850 psf

in this case.

If the residual or steady-state strength of the soil were indeed close

to 850 psf, however, then only a relatively small movement of the slide mass,
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say 10 to 15 ft. would have brought the slide movement to a stop. The fact

that very large movements, of the order of 150 ft occurred before sliding

stopped indicates that either the factor of safety was significantly less than

unity, and the residual strength of the liquefied soil significantly less than

850 psf, or that more complex considerations were involved in determining the

onset of sliding. In either case the value of 850 psf can only be considered,

as previously indicated, as a theoretical upper bound value for the residual

strength of the liquefied soil and it cannot be assumed that the residual or

steady-state strength of the soil in the liquefied zone was necessarily equal

to or even nearly equal to the average driving stress at the time the slide

movements started.

Possible complexities involve the recognition that the configuration of

the embankment and the approximate extent of the zone of liquefaction at the

time of initiation of sliding were similar to those shown in Fig. 1-8. It may

be seen that there is a zone of non-liquefied soil near the toe of the up-

stream shell, probably associated with the starter dike, which apparently did

not liquefy. It has been hypothesized (Seed, (1979)) that it was the develop-

ment of the undrained strength of the soil in this dilatant zone, after lique-

faction occurred in the interior zone of the upstream shell, which prevented

failure from occurring during and immediately following the earthquake; fur-

thermore that it was the gradual reduction in strength of the soil in this

zone from its undrained value to the drained value, as water migrated from the

reservoir to this zone of reduced pore-water pressures, which ultimately led

to a sufficient reduction in strength to cause the failure to be initiated.

However there can be no assurance that the strength had dropped to the drained

strength values shown in Fig. 1-8 when sliding started. All that is known is

that for the configuration shown, the factor of safety dropped to a value of
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about 1. Assuming that the drained strength was developed in the non-

liquefied dilatant zone near the toe of the upstream shell, stability analyses

indicate that the residual or steady-state strength of the liquefied soil must

have been about 800 psf. However if the strength of the soil in the dilatant

toe zone was only reduced part-way towards the drained strength, the residual

strength of the soil in the liquefied zone would be significantly less than

this value. Because of this uncertainty and uncertainties about the extent of

the non-liquefied zone at the toe of the upstream shell, the residual or

steady-state strength of the liquefied soil cannot be determined with any high

degree of accuracy from the conditions existing when failure was initiated.

These uncertainties are minimized, however, if the residual or steady-

state strength of the liquefied soil is computed from the conditions and con-

figuration of the embankment when slide movements stopped. At this stage, as

shown in Fig. 1-9, virtually the entire surface of sliding was covered with

the liquefied soil and, since the rate of sliding was relatively slow, inertia

effects were relatively small. Knowing that sliding would stop when the

factor of safety attained a value of unity, the residual or steady-state

strength, based on the configuration of the slide mass at the end of sliding,

can be computed to have values as low as 300 psf. Somewhat higher values, up

to about 500 psf, are determined if allowance is made for the inertia effects

associated with the rate of movement and a possible 70% reduction in strength

of the liquefied soil as it moves into the reservoir. There is other evi-

dence, such as the flow of liquefied sand into cracks which developed in the

embankment, to indicate that the lower bound values of residual strength were

indeed probably attained in some zones however. Allowing for all these

sources of uncertainty, a good representative value for the residual strength
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of the liquefied soil in this case can thus be determined to be about 400 ±

100 psf.

Similar analyses can be made, but usually with lesser levels of

accuracy, for other cases where liquefaction-type slides and failures have

occurred. The residual strengths determined from such case studies seem to be

related in a general way to the standard penetration resistance of the sands,

as indicated in Fig. 1-6, and these results also provide a basis for estimat-

ing the residual strength of soils on other projects.

In the light of new developments in sampling techniques and in proce-

dures for evaluating the residual or steady-state strength of liquefied sands

and silty sands, it was concluded in 1985 that considerable benefits and

clarification of the current state of knowledge might be gained through a co-

operative re-evaluation of the Lower San Fernando Dan. This study was

sponsored by the U.S. Army Corps of Engineers for the following purposes:

1. To determine whether laboratory testing procedures for evaluating

steady-state strengths would predict the known residual strength of

the sand in the Lower San Fernando Dam.

2. To determine whether the use of improved sampling procedures would

lead to different results for cyclic load tests on undisturbed

samples taken from the dam.

3. To explore the reproducibility of laboratory test data used for

seismic stability evaluations as measured in different laboratories.

4. '[' examine the standard penetration resistance of the sands in the

Lower San Fernando Dam using new standardized procedures.

The cooperating agencies involved were the Waterways Experiment Station of

the U.S. Arm%, Corps of Engineers, Geotechnical Eigiineers I1n. of Winchester,
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Massachusetts, and H. Bolton Seed Inc. in cooperation with the Soil Mechanics

Laboratory of Stanford University, California.

This report presents the results of the study by H. Bolton Seed Inc.

Section 2 presents a brief description of the Lower San Fernando Dam and the

field investigations made in 1985 to explore its properties. Section 3 pre-

sents an analysis of the probable changes in properties of the soils in the

embankment since the earthquake occurred in 1971. Section 4 presents a review

of the standard penetration test data for the sands in the dam in the 1971 and

1985 investigations. Section 5 presents the results of cyclic load tests per-

formed on the samples obtained in the 1985 investigation and a comparison of

these results with those obtained in 1971 and those expected based on past

field performance. Section 6 presents the results of steady-state strength

tests on samples obtained in the 1985 field exploration program. Section 7

presents an evaluation of the properties of the hydraulic fill near the base

of the upstream shell, based on the test results and other studies summarized

in this report. Section 8 discusses the practical significance of the results

obtained, including a comparison of steady state strengths determined by labo-

ratory testing with those estimated from the known field performance of the

upstream shell in this dam and other dams where liquefaction-type failures

have occurred, and a general review of the applicability of analytical methods

for evaluating the seismic stability of the Lower San Fernando Dam. Section 9

presents overall conclusions.
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2. Field Investigations in 1985

Since the failure of the upstream slope of the Lower San Fernando Dam

in 1971, the dam has been reconstructed to serve as an emergency water

retaining structure with the configuration shown in Fig. 2-1. The original

upstream shell has been replaced by a compacted fill but the downstream shell

below El. 1100 remains essentially as it was at the time of the 1971 earth-

quake. Since the original hydraulic fill embankment was probably reasonably

symmetrical in configuration and properties about the center line of the

crest, the properties of the soil forming the upstream shell can be evaluated

with a reasonable degree of accuracy on the basis of the properties of the

hydraulic fill comprising the present downstream portion of the embankment.

For this purpose a field exploration program was performed by

Geotechnical Engineers Inc. in 1985. The program involved:

1. The performance of 6 borings (SIO1, S102, S103, S104, S105, and

S111) in which, with the exception of Boring S104, split spoon

samples were obtained continuously through the hydraulic fill por-

tion of the dam and intermittently above and below the hydraulic

fill. In Boring S104 samples were taken at 5 ft intervals for the

entire boring.

2. The performance of CPT soundings at 12 locations, designated C101

to C112. Six of the 12 CPT soundings were performed adjacent to the

SPT sampling holes.

3. The performance of 6 borings (U102, U103, U104, U105, Ulli, and

UlIIA) in which undisturbed samples were taken in selected zones

of the dam.

and 4. The construction of an exploration shaft from which hand carved
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undisturbed samples were recovered using a special "tripod" sampling

procedure developed by GEI.

The locations of the various field tests and borings are shown in Fig. 2-2.

The investigation program was laid out along four cross-sections located at

Stations 5+85, 9+35, 12+95, and 16+40 along the axis of the dam.

In the field investigation the SPT boring showing the most consistently

low blowcounts near the base of the hydraulic fill was found to be Sill on

the cross-section through Station 5+85. The exploration shaft was thus con-

structed near boring Sill in order to obtain high quality undisturbed samples

of this material, in addition to those obtained from undisturbed sample

borings. The material was found to be a layer of stratified silty sand and

sandy silt as shown by the results of SPT and CPT investigations at this loca-

tion in Fig. 2-3. The relative relationship between the exploration shaft and

Boring S1ll is shown in Fig. 2-2. A cross-section at Station 9+35 showing the

SPT N-values measured in Borings S103, S104 and S105 is shown in Fig. 2-4.

In interpreting the stratification in the hydraulic fill, GEI identified

5 major zones in each boring, designated as Zones 1 to 5 in Figs. 2-3 and 2-4.

A detailed analysis of these zones for Boring SI1 is shown in Table 2-1. In

this table the measured SPT N-values of the soils in the various zones are

expressed in terms of values of (N1 )6 0 , the normalized N-values for an over-

burden pressure of 1 tsf as measured in an SPT test providing a driving energy

in the drill rod of 60 percent of the theoretical free-fall energy of the

falling weight, and an appropriate correction for the absence of liners in the

SPT sampling tube.

In addition small corrections (AN,) have been made for the silt contents

of the different layers to establish the equivalent clean sand values of

(N1 )60 for the soils in the different zones. The representative soil profile
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for conditions near Boring SIll as indicated by the data in Table 2-1 and

Fig. 2-3 is shown in Fig. 2-5. It may be seen that the soil conditions in

Zones 2, 3 and 5 identified by GEl are very similar and samples for the

various laboratory tests were therefore taken almost exclusively from these

zones.

The undisturbed samples and representative bulk samples from the field

explorations were distributed by GEl among the participating laboratories,

the GEl laboratory in Winchester, Mass., the Waterways Experiment Station,

Vicksburg, Miss., and Stanford University, Palo Alto, California.

Full details of the field explorations are presented in the report on

the study prepared by Geotechnical Engineers Inc.
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Depth Elevation

0 1095

Compacted soil

or
10 Hydraulic shale N1*= 29

fill

20 1075

Stratified sands

30 and Zone 1 N1  21

silty sands Piezometric level
at time of

1057 2 3.971 earthquake

41

Stratified sands,

silty sands and Zone 2 NI* 16

sandy silts

56 1039
Stratified sands

and Zone 3 NI*=20.5 Piezometric level at

silty sands - - _time of 1971 borings
67 1028

Silty sand Zone 4 N1*= 28
73 1022

Stratified silty

sands and Zone 5 NI* 15 Piezometric level at

sandy silts .... 2 time of 1985 borings

88 1007

Foundation
soils

*Denotes equivalent clean sand (N1)6 0 -value.

Fig. 2-5 SOIL PROFILE NEAR BORING SIll
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3. Changes of Density of Hydraulic Fill Since 1971 Earthquake

In order to evaluate the behavior of the Lower San Fernando Dam during

the earthquake in 1971, it is necessary to determine the properties of the

hydraulic fill for the conditions at the time the earthquake occurred. For

some properties, any changes since the earthquake may be of minor significance

but for others, such as the steady-state strength, the results are highly

dependent on an accurate evaluation of the void ratio of the soil in its pre-

earthquake condition. Estimates of the changes in void ratio in Zone 5 of the

hydraulic fill since the earthquake and just prior to sampling in 1985, for

sections along Stations 9+00 and 5+00, are therefore presented below.

Station 9+00

Estimates of the changes in dry density or void ratio of the hydraulic

fill since the time of the earthquake can be made from comprehensive settlement

observations made on the downstream shell of the dam by the Los Angeles

Department of Water and Power both prior to and following the 1971 earthquake.

Fig. 3-1, for example, shows settlements measured on the surface of the embank-

ment normal to the axis of the dam at Station 9+00. The test shaft is located

122 ft south of the axis at Station 5+85. For point A, located on the hori-

zontal berm at about the same distance from the axis as the test shaft, it may

be seen from Fig. 3-1 that the settlement in the period from December 1970,

just before the earthquake, to February 1985, the year the samples were taken

from the embankment, was about 0.82 ft. This represents the combined compres-

sion of the dense soil above the hydraulic fill, the zone of hydraulic fill

above the piezometric surface at the time of the earthquake, the saturated zone

of hydraulic fill and the foundation soils. This comprises about 40 ft of

compacted soil and partially saturated hydraulic fill above Elevation 1057,
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about 50 ft of hydraulic fill in Zones 2, 3, 4 and 5, and about 30 ft of foun-

dation soils, as shown in Fig. 3-2.

It may also be seen from Fig. 3-1, that significant settlement has

occurred on the top of the 1940 rolled fill berm at point B where the height

of the layer of hydraulic fill in the underlying soil column is zero. The

settlement at point B in the period between the earthquake and sampling in

1985 is about 0.32 ft. This represents the settlement of a 40 ft column of

;a'riallv saturated denser soils and the underlying 30 ft depth of foundation

. . A comparison between the soil if.t:.iiions in the columns underlying

s A ani B, and the settlements of points A and B is shown in Fig. 3-2.

hiie difference between the observed settlements at points A and B is

-rsumably due to the vertical compression of Zones 2, 3, 4 and 5 of the satu-

rated hydraulic fill in the period Feb. 1971 to October 1985, i.e. about 0.82-

= 0.50 ft. The total depth of saturated (at the time of the earthquake)

hydraulic fill contributing to this settlement is about 50 ft as shown in

Iig. 3-2. Zone 5 of the hydraulic fill comprises only about 15 ft of this

•ut it probably -.,ntributes disproportionately to the settlement. A

:.servat,4ve estimate would be that Zone 5 contributes about 45% of the total

- ression although it makes up only about 30% of the thickness.

Thus it may be estimated that:

Compressive strain in Zone 5 of the
hydraulic fill since the 1971 earthquake z 0.45 x 0.50 ft

15 ft

z 1.5%

(rre';ponding (hange in void ratio z 1.5 (1+ e
100

e =  ,l ratio of s,i. z C.72 for the hydraulic fill

Heo t change in . ratio of Zone 5

,! hydraulic fili a! St. 9+00 along
axis -,f dam since earthquake occurred 1.5 (1 + 0.72)

100

0.026
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Station 5+00

Settlement data for the section through the embankment at Station 5+00

on the axis of the dam are shown in Fig. 3-3. Although this data is not so

complete as for the section at St. 9+00 (records were discontinued in May,

1975) it never-the-less provides a good basis for evaluating the change in

void ratio of the lower part of the hydraulic fill, especially with the data

at St. 9+00 to serve as a guide. Thus, following the same procedure as that

outlined above, the following results are obtained:

Estimated post-earthquake settlement of point A 0.57 ft

Estimated post-earthquake settlement of point B 0.26 ft

Estimated change in thickness of Zones 2-5
of hydraulic fill from pre-earthquake
condition to time of sampling in 1985 0.31 ft

Estimated compressive strain in Zone 5 of
hydraulic fill 0.45 x 0.31

15

0.9%

Estimated change in void ratio of Zone 5
since earthquake 0_-_ (1 + 0.72)

100

0.016

In addition to void ratio changes due to vertical compression there may

also have been some densification due to lateral compression of the hydraulic

fill. Fig. 3-4 shows the lateral movements of survey points along the down-

stream section of the embankment through Station 9+00 from 1945 to 1972. It

is clear that the earthquake caused a marked increase in lateral movements of

the survey points. However it is not clear whether these movements were due

to lateral compression of the embankment or to shear deformations of the

embankment and it seems highly probable that they were due mainly to shear
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deformations. Thus it is unlikely that the observed movements at the surface

of the embankment are indicative of movements along the base of the embank-

ment; in fact, it seems highly unlikely that there would be any significant

lateral deformations of points along the base of the embankment or in the

underlying foundation soil.

These considerations make it difficult to estimate the possible changes

in void ratio of the embankment soils due to the observed horizontal move-

ments. Fortunately the observed movements in the vicinity of the exploration

shaft (i.e., near Survey Point No. 6), shown in Fig. 3-4, do not contribute

significantly to the overall densification of the hydraulic fill. Based on

data such as that shown in Fig. 3-4, it can be estimated that the average

change in void ratio of the soil near Survey Point No. 6 due to lateral move-

ments is about 0.0005 and 0.003 for sections through St. 9+00 and St. 5+00

respectively.

The results presented above may thus be summarized as follows:

Station 5+00 Station 9+00

Estimated void ratio change in Zone 5 of
hydraulic fill due to vertical settlement 0.016 Z 0.026

Estimated void ratio change in Zone 5 of
hydraulic fill due to lateral compression 0.003 Z 0.0005

Estimated change in void ratio between time
of earthquake and time of sampling in 1985 Z 0.019 Z 0.026

The main exploratory shaft is located on the section through Station

5+85. Interpolating in the above values determined for sections at Stations

5+00 and Stations 9+00 leads to an estimated change in void ratio of the

hydraulic fill, in the period between the earthquake of 1971 and sampling in

1985 of about 0.020.
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It may be noted that the observed post-earthquake settlement of point A

on the horizontal berm at Station 5+00 is about 0.57 ft while the

corresponding settlement of point A on the berm at Station 9+00 is about 0.82

ft. Interpolation between these values for the settlement of a similar point

A on a cross-section at Station 5+85 would lead to an estimated value of 0.62

ft. This is in good agreement with the observed settlement for a similar

point close to the test shaft at Station 6+00, where the post-earthquake

settlement was observed to be 0.63 ft, see Fig. 3-5.

Finally, it is interesting to note that an independent estimate of the

void ratio changes in the different zones of the hydraulic fill, near the test

shaft, following a totally different procedure from that described previously

(Franklin, 1987) led to the following values:

Estimated change in void ratio between
Zone time of earthquake and time of sampling

1 0.000

2 0.011

3 0.024

4 0.000

5 0.023

Since the samples used in the testing program described in this report were

obtained principally from Zones 2 and 5 of the hydraulic fill, it would appear

that a representative value for this void ratio change based on these results

would be somewhere between 0.011 and 0.023.

Based on the preceding analyses of void ratio changes since the 1971

earthquake, it was considered appropriate in interpreting the test data to

allow for an average post-earthquake change in void ratio of 0.020 for ail

samples prior to their extraction from the ground in the 1985 sampling

program.
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4. Analyses of Standard Penetration Test Data for
Downstream Shell of Embankment

Considerable insight into the properties of the soils comprising the

embankment can be obtained from the results of standard penetration tests.

Such tests were performed in a limited study in 1967, in the comprehensive

study performed in 1971 following the earthquake, and again in the investiga-

tion performed in 1985.

1971 Investigation

A plan showing the locations of SPT borings made in the 1971 investiga-

tions is shown in Fig. 4-1. In this study borings D-1, E-1, E-2, F-1, F-2,

G-1 and G-2 were made in the downstream shell, primarily to determine the in-

situ properties of the hydraulic sand fill. These borings showed that the

hydraulic fill was highly stratified with soil types ranging from poorly

graded sand to highly plastic clays. A summary of the soil stratification

revealed by these seven borings is shown on the right hand side of Fig. 4-2.

The results of all the penetration tests performed in the hydraulic fill are

shown on the left of Fig. 4-2. In order to provide meaningful comparisons,

the SPT data have been converted to values of (N1 )6 0 , the normalized standard

penetration resistance under an overburden pressure of 1 tsf for an SPT test

performed with a hammer providing 60% of the theoretical free-fall energy, in

accordance with the conditions listed in Table 4-1 (Seed et al., 1985).

The main corrections to the field data required to determine values of

(N1 )6 0 were as follows:

1. The tests were performed using drilling rigs belonging to the State

of California Dept. of Water Resources. These rigs are believed to

have used a safety hammer operated by a rope and pulley technique, a
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TABLE 4-1 RECOMMENDED SPT PROCEDURE FOR USE IN LIQUEFACTION CORRELATIONS

A. Borehole: 4 to 5-inch diameter rotary borehole with bentonite
drilling mud for borehole stability

B. Drill Bit: Upward deflection of drilling mud (tricone of baffled
drag bit)

C. Sampler: O.D. = 2.00 inches
I.D. = 1.38 inches - Constant (i.e. no room for liners

in barrel)

D. Drill Rods: A or AW for depths less than 50 feet
N or NW for greater depths

E. Energy Delivered to Sampler: 2520 in.-lbs. (60% of theoretical maximum)

F. Blowcount Rate: 30 to 40 blows per minute

G. Penetration Resistance Count: Measures over range of 6 to 18 inches
of penetration into the ground
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procedure which characteristically provides an energy ratio of 60%.

Thus no energy correction was required.

2. The Dept. of Water Resources test procedures at that time used the

ASTM sampling tube without the liners. The measured N-values were

increased by 10 to 30% to allow for this deviation from standard

procedures (Seed et al., 1985).

3. The measured SPT N-values were corrected to N1 values using the

equation

N I = CN - N

where CN is determined by the curve for loose to medium dense sand

proposed by Seed (1979a,b) and shown in Fig. 4-3.

The corrected values of (NI) 6 0 for all tests performed in 1971 are shown in

Fig. 4-2. It was observed that some of these tests, indicated by open symbols

in Fig. 4-2, were performed in predominantly clayey soils. Since the SPT test

data were only intended to indicate the properties of the cohesionless soils,

the data from Fig. 4-2 are replotted in Fig. 4-4 for the cohesionless soils

only. An analysis of this data indicated four main zones of cohesionless soil

with mean and median values of (N,)6 0 as shown in Fig. 4-5. It may be noted

that the two upper layers and the lowest layer have very similar

characteristics with mean (NI) 6 0 values of 16.5, 15.5 and 16 respectively.

The third layer which corresponds approximately with the Zones 3 and 4 as

identified by the GEl studies, shows higher (N1 )6 0 values, with a mean value

of 21.5. These results may be interpreted to indicate that with the exception

of the apparently denser layer between Elevations 1024 to 1038, the cohesion-

less soils in the hydraulic fill have generally similar characteristics.
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Fig. 4-4 RESULTS OF STANDARD PENETRATION TESTS IN COHESIONLESS
SOILS IN DOWNSTREAM SHELL IN 1971 INVESTIGATION
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For comparison purposes, the six SPT N-values measured in the 1967

investigation were converted to (N) 6 0 values and these results are

superimposed on the results of the 1971 investigation in Fig. 4-6. The 1967

data were believed to be obtained using a conventional Donut Hammer and a rope

and pulley test procedure. Consequently the energy ratio used in this test

was considered to be about 50% and the field data were corrected accordingly.

The data were also corrected for the presumed absence of liners in the

sampling tubes. In addition, because the N-values measured in the 1967

investigation were counted for 0 to 12 inches of penetration rather than the 6

to 18 inches range required in the standard procedure, the values were

increased by 15% to allow for this deviation from standard practice. This

correction was proposed by Schmertmann (1979). The results are shown in

Fig. 4-6. It may be seen that they reflect near upper and lower bounds for

the 1971 data.

1985 Investigation

Values of (NI) 6 0 determined in the 1985 investigation based on measure-

ments made in Borings Nos. S101, S103, S104 and Slll in the downstream shell

are shown in Fig. 4-7. As before, measured values were corrected for energy

ratio effects (the energy ratio for the hammer used in the 1985 program was

measured to be 72%) and for the absence of liners in the sampling tube, and

then normalized to an overburden pressure of 1 tsf using the value of CN shown

in Fig. 4-3.

The resulting values of (N1 )6 0 are shown in Fig. 4-7, and the results of

statistical analyses of the values in the same four layers as those shown in

Fig. 4-5, are presented in Fig. 4-8. The presence of a more resistant layer
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of fill between approximately Elevations 1024 and 1038 is readily observable

in these data also.

For comparison purposes, the values of (N1 )6 0 measured in cohesionless

soil in the downstream shell in the 1985 investigation are compared with

values determined in the 1971 investigation in Fig. 4-9. The general distri-

bution seems to be about the same for both studies.

Summary

The standard penetration resistance of the cohesionless soils in the

downstream shell of the embankment, expressed in terms of (N1 )6 0 may be summa-

rized as follows:

Elevation Median values of (N) 6 0  Avg. values of (NI) 6 0  Representative
(ft) 1971 Data 1985 Data 1971 Data 1985 Data Avg. (N116 0

1074-1057 17 20 16.5 21 19

1056-1039 14.5 13 15.5 14 14.5

1038-1024 21.5 25.5 21.5 28.5 24

1023-1000 16 13 16 14.5 14.5

In general the soil in the Elevation zones 1000-1023 and 1039 to 1056 corres-

ponds to that in Layers 2 and 5 identified by GEl. The cohesionless silty

sand in these layers appears to be very similar with an overall average value

of (NI) 6 0 of about 14.5.

As noted previously, the density of this soil has probably changed since

the earthquake as evidenced by the settlement of observation points on the

downstream side of the embankment. Density changes at the time of the 1985

borings are significantly greater than those at the time of the post-
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earthquake 1971 borings (April and May, 1971). Conservatively a representa-

tive average change in void ratio appears to be about 0.02 as shown in

Section 3 of this report. This corresponds to a volumetric compression strain

of about 1.15% in the silty sands and to a corresponding change in dry density

of about 1.1 pcf. For the silty sands in the Lower San Fernando Dam, the

range between maximum and minimum dry densities was found to be about 25 pcf

in the 1971 investigations. Thus a change in density of about 1.1 pcf corre-

sponds to a change in relative density of about 4%, with the relative density

increasing from a value of, say, about 48% before the earthquake to about 52%

at the time of the investigations after the earthquake. Such a change in rel-

ative density, using a typical correlation between relative density and (N) 6 0

corresponds to an increase in (N) 6 0 of about 2 blows/ft.

In a recent paper, Skempton (1986) has suggested that the ratio of

(NI) 6 0 /Dr
2 has values of about 65 for coarse sands and 55 for fine sands.

With a slight extrapolation, a suitable approximate relationship for silty

sands might be

(N1 ) 6 0

D 2 50
r

Thus A(Nl) 6 0  100 • Dr • A(Dr)

and if Dr z 0.5 and A(Dr) z 0.04 as discussed above

A(Nl)60 z 100 ' 0.5 • 0.04 z 2 blows/ft.

Based on the above, the average pre-earthquake penetration resistance of the

silty sand in the most critical layers of the downstream shell would be about

(NI) 6 0  z 12.5.

Finally it may be noted that the penetration resistance of silty sands

is somewhat lower than that for clean sands. Seed (1987) has recently
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proposed that for equal relative densities, values of (N,)6 0 determined for

silty sands could be corrected to equivalent clean sand values by adding small

increments to the measured values of (N,)6 0 as follows:

Fines content A(NI)60

10% 1

25% 2

50% 4

75% 5

For the average silty sand in the Lower Dam, the fines content appears to be

about 25 percent and the corresponding value of A(Nl) 6 0 would be about 2. In

these terms a representative average value of the equivalent clean sand

(Nl) 6 0-value for pre-earthquake conditions would be about 14.5.
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5. Results of Cyclic Load Tests on Silty Sand

Laboratory Test Data

During the investigation of the slide in the San Fernando Dam (1971-73),

it was observed in the field that the hydraulic fill in the upstream shell was

highly stratified with layers of silt and clay frequently occurring between

thicker layers of silty sand. Thus, since the clayey soils were not likely to

be vulnerable to liquefaction, the studies of cyclic loading resistance were

performed on undisturbed samples of silty sand taken by undisturbed sample

borings. A total of 49 cyclic load tests were performed on both isotropically

and anisotropically-consolidated samples obtained from the hydraulic fill and

the foundation alluvium. Details of the testing procedures, together with the

results of the tests are described by Seed et al. (1973). The relationships

between cyclic stress ratio and number of stress cycles required to cause a

pore-pressure ratio of ru z 100% and ±5% strain determined by this study for

samples consolidated under pressures of 2 kg/cm2 are shown by the dashed line

in Fig. 5-1.

In the 1985 investigation samples were obtained both from undisturbed

sample borings and from a test shaft. Many of the samples were sandy silt but

many were silty sand. Since the number of samples available, however, was

limited it was decided to concentrate the cyclic load test program on the

silty sand samples to provide a direct comparison with the data obtained in

the 1971 investigation. Furthermore, in view of the limited number of silty

sand samples available, tests were performed mainly on samples consolidated

isotropically under a confining pressure of 2 kg/cm 2 . Details of the testing

program are provided in the Appendix to this report.

The results of these tests are also shown in Fig. 5-1. It was found

that for samples which developed a condition of ru t 100% and cyclic strains
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of +5% strain in low numbers of cycles (say less than 10), the cyclic stress

ratios were very similar to those determined in the 1971 investigation.

However for samples reaching the prescribed failure condition in larger

numbers of cycles, say 15 to 40 cycles, the cyclic loading resistance was 10

to 15 percent lower than that determined in the 1971 investigation. No reason

for this small difference in behavior could be determined. There appeared to

be no significant difference between the results of tests on samples obtained

from borings or from the test shaft. The range of grain size distribution

curves for the samples for which data is shown in Fig. 5-1 is presented in

Fig. 5-2.

Cyclic load tests were also performed on samples of sandy silt. The

grain size curves for these samples are shown in Fig. 5-3 and it will be seen

that the fines content was substantially higher than that for the samples of

silty sand. However, as shown by the test data in Fig. 5-4, there was no

significant difference in the cyclic loading resistance of these samples.

Details of the test conditions and results for all samples are presented in

Table 5-1.

A limited number of tests were also performed on samples of silty sand

consolidated anisotropically under a minor principal stress of 2 kg/cm 2 and a

major principal stress of 3.5 kg/cm 2 . The grain size distribution curves for

these samples are shown in Fig. 5-5 and the test results are summarized in

Table 5-2. All of these samples were obtained from Zone 3 of the hydraulic

fill (see Appendix I, Table 1-3 and Fig. I-I). The cyclic stress ratio

required to cause a pore pressure ratio ru = 100% and an axial strain of 5% in

these tests for each of the samples is plotted in Fig. 5-6. It may be seen

that the cyclic loading resistance of the anisotropically-consolidated samples
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is considerably higher than that required to cause similar conditions in the

tests on isotropically consolidated samples. These results were also similar

to those obtained in the 1971 investigation.

Effect of Void Ratio Changes on Test Results

It may be noted from the test data presented in Table 5-1 that there was

a significant reduction in void ratio of the samples between their condition

in the field and their condition at the end of consolidation in the laboratory

tests. This change occurred during the sampling and handling processes. For

the 15 samples listed in Table 5-1, the average change in void ratio due to

these effects was about 0.052 which corresponds to a volumetric strain of

about 3%. Since the range of (Yd)max - (yd)min for the silty sand was

typically about 25 pcf, and the in-situ dry density was about 100 pcf, such a

change in volume corresponds to a change in relative density of about 11%.

Thus considering that the field relative density was about 52%, the average

relative density of the samples at the time of testing was probably about 63%.

In addition to this change it was shown in Section 4 that the relative

density of the silty sand was probably increased by about 4% due to the

earthquake shaking in 1971. Thus the test data shown in Fig. 5-1 represents

the behavior of the silty sand at a relative density about 15% higher than

that of the soil prior to the 1971 earthquake. It is necessary to consider

what effect this may have had on the test results.

The probable effects of sampling and handling on the results of cyclic

load tests on sands have been discussed by Seed et al. (1982). It was noted

that during sampling and handling of medium dense sands several effects occur:

(1) There is a loss of strength previously gained by aging resulting

from the disturbance of the grain structure, and

(2) There is a gain in strength due to densification of the samples.
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Thus it was suggested that in most cases, for sands with a relative density of

about 50%, these effects are compensating and somewhat fortuitously, the

results of tests on undisturbed samples are about the same as those for the

soil in its in-situ condition. If this is so, then it is unnecessary to cor-

rect the test data for changes occurring during sampling and handling. How-

ever it would be appropriate to correct the results for the effects of densi-

fication during the earthquake of 1971. Such a correction, since cyclic load-

ing resistance is approximately proportional to relative density, would

require that the laboratory test data be reduced slightly, by about 8% to

determine the cyclic loading resistance for the pre-earthquake conditions in

1971.

Some insight into the appropriateness of this evaluation may be obtained

by noting that the cyclic loading resistance of sands and silty sands can also

be evaluated from the results of standard penetration tests (Seed et al.,

1983; Seed et al., 1985), using correlations between cyclic loading resistance

and (Nl) 6 0 -values determined from field cases of level ground liquefaction and

non-liquefaction in Magnitude 7.5 earthquakes. Such a correlation developed

by Seed et al. (1985) is shown in Fig. 5-7. For any given value of (N1 )6 0 it

is a simple matter to read off from such a chart the value of iav/Oo' at which

liquefaction will occur under level ground conditions. This cyclic stress

ratio, applicable to simple shear conditions, can than be converted to a cor-

responding value of stress ratio causing liquefaction in triaxial tests condi-

tions using the relationship (Seed, 1979a,b):

a'- cr (2a (1)So -ss r \-3 c /-triaxial

where cr has a value of about 0.6 for normally consolidated silty sands.
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It was shown in the previous section of this report that a representa-

tive pre-earthquake value of (N1 )6 0 for the silty sands in the critical zones

of the downstream shell of the San Fernando dam embankment is about 12.5 and

the fines content is about 25%. From Fig. 5-7, it may be observed that this

corresponds to a value of iav/Oo' causing liquefaction of about 0.2. Convert-

ing this to a cyclic stress ratio for triaxial test conditions, with the aid

of Eqn. (1), leads to a value of

dc 0.2 0.33 for a Mag. 7.5 earthquake.
2c 0.63c

Since a Magnitude 7.5 earthquake typically corresponds to about 15 uniform

stress cycles, this result can be compared with the results of the cyclic load

tests on undisturbed samples tested under a confining pressure of 1 kg/cm 2 ;

and having determined one point on the cyclic loading resistance curve in this

way, other points can readily bp determined following the procedure described

by Seed et al. (1983). The resulting comparison is shown in Fig. 5-8. It may

be seen that the cyclic loading resistance determined in this way is in good

agreement with the results obtained in the 1973 investigations.

This would seem to indicate that the effects of densification and sample

disturbance during sampling and handling are largely compensating for the

cyclic load test for hydraulic fill, and that no significant correction needs

to be applied to the test data to determine the probable cyclic loading resis-

tance for the pre-1971 earthquake conditions.

The fact that the samples were densified both by the 1971 earthquake and

during sampling and handling has, however, significant implications regarding

the possibility of determining the post-liquefaction strength of the hydraulic

fill from tests on undisturbed samples. This strength is determined, for any
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given soil, mainly by the void ratio or relative density of the soil and a

change in relative density of 15%, say from about 48% to 63% could change the

soil from a compressive to a dilatant condition. Thus there is no possibility

that the post-liquefaction strength of a loose to medium dense sand could be

determined directly from tests performed on undisturbed samples. Such a

determination would require that test data be corrected for void ratio changes

occurring both during sampling and handling as well as during the event caus-

ing liquefaction. The corrections for void ratio changes occurring during

sampling and handling of the test specimens are best made by means of steady-

state strength tests as described in the following section of this report.
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6. Results of Steady-State Strength Tests

To investigate the steady-state strength of the soils in the Lower

San Fernando Dam, a number of steady-state strength tests were performed e:n

undisturbed samples taken during the 1985 sampling program. The majority of

these samples were obtained from undisturbed sample borings Nos. U111 and

U1I1A and the exploratory test shaft, but five of the samples tested were

obtained from Borings U102, U104 and U105. The criteria for selection of

samples were

1. That they should consist of the same type of soil throughout thit

height of the sample; i.e., contain no visual non-homogeneity

and 2. Be obtained from the zones of the hydraulic fill identified as

Zones 2, 3 or 5 by GEI.

A schematic section of the existing embankment showing the locations of

all samples judged to meet these criteria is shown in Fig. 6-1.

The samples obtained in this way generally fell into two groups:

(a) samples of sandy silt and (b) samples of silty sand. Steady-state

strength tests were performed on:

4 samples of sandy silt taken from the test shaft

7 samples of sandy silt taken from undisturbed sample borings

3 samples of silty sand taken from the test shaft

2 samples of silty sand taken from undisturbed sample borings.

Details concerning the testing program are provided in the Appendix to this

report.

It was recognized in the exploration program that different soils

existed in the hydraulic fill and representative bulk samples of the silty

sand (designated Bulk Sample No. 3) and the sandy silt (designated Bulk Sample

No. 7) were selected by GEI and distributed to the participating laboratories.
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Grain size distribution curves for these two materials are shown in Figs. f-2

and 6-3 respectively. In order to determine the steady state lines fr these

soils it was first necessary to perform steady-state strength tests on

reconstituted samples of these materials. For this purpose 9 tests were per-

tormed on samples of Bulk Sample No. 3 (silty sand) prepared by moist tamping

to, different void ratios in the range of 0.55 to 0.8. Similarly 11 tests were

performed on samples of Bulk Sample No. 7 (sandy silt), eight of the samples

being prepared by moist tamping and three of the samples by wet pluviation.

-here was no significant difference in the results of the tests for tho two

different methods of sample preparation.

7est Results

The results of the steady-state strength tests performed on s~Il from

Bulk Samples Nos. 3 and 7 are shown in Figs. 6-4 and 6-5 respectivelv. The

steady-state lines for these two materials are shown in the figures. A may

tbe noted that the position of the line for Bulk Sample No. 7 is almost identi-

cal with that determined in the test program performed by GEI indicating very

good reproducibility of the results.

Grain size distribution curves for all of the undisturbed samples sub-

jected to steady-state strength tests are shown in Fig. 6-6. It may be seen

that they fall generally into two groups: (a) Samples with fines contents

ranging from about 45% to 85%. These samples were classified as sandy silt

for the purposes of this investigation and the slope of their steady state

line was assumed to be parallel to that of Bulk Sample No. 7. (b) Samples

with fines contents less than about 25%. These samples were classified as

silty sand and the slope of their steady state line was assumed to be parallel

to that for Bulk Sample No. 3. The grain size distribution curves for Bulk

Samples Nos. 3 and 7 are also shown on Fig. 6-6 for comparison purposes.
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The results of the steady-state strength tests on the undisturbed sam-

ples of sandy silt are shown in Fig. 6-7. For each sample the steady-state

strength is shown for four different void ratios:

1. The void ratio at the time of testing in the laboratory

2. The void ratio after the sample was recovered from the ground

3. The void ratio corresponding to the in-situ condition of the sample

and 4. The void ratio the sample would have had in the ground before the

1971 earthquake if the void ratio change occurring after the start

of the earthquake and prior to sampling in 1985 had been 0.020.

In all cases these void ratios could be determined from the changes in

volume of the samples in the sampling and handling processes as described in

the Appendix. The steady state lines for all samples were assumed to be par-

allel to that for Bulk Sample No. 7 as shown in Fig. 6-7. In this way the

pre-earthquake in-situ steady state strengths for the sandy silt samples could

be determined. The results for the void ratios at different stages of the

sampling and handling process are shown in Fig. 6-7. It should be noted that

the test data for samples of sandy silt taken from the Test Shaft have been

corrected for heave at the base of the shaft, following the procedures

described by GEl (Castro and Keller, 1987) in addition to the void ratio

changes described in the Appendix.

Similar results for the undisturbed samples of silty sand are shown in

Fig. 6-8, the steady state lines for these samples being assumed to be paral-

lel to that for Bulk Sample No. 3 as shown in the figure.

A sumnmary of the steady-state strengths determined in this way for the

samples of sandy silt is presented in Table 6-1 and a similar summary for the

the samples of t'!ty sand is presented in Table 6-2.
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TABLE 6-1 SUMMARY OF ESTIMATED STEADY-STATE STRENGTHS FOR SILT SAMPLES

Sample Elev. Percent Pre-earthquake* Sus Sus
No. Source (ft) Fines Void Ratio (Psf) (tsf)

7 U-ill 1017 70 0.738 1140 0.57

10 U-104 1040 85 0.863 630 0.31

11 U-104 1039 78 0.783 1470 0.74

12 U-111 1041 78 0.856 190 0.09

14 U-102 1054 84 0.792 920 0.46

20 U-104 1008 61 0.655 (2500)** (1.25)**

28 U-105 1019 43 0.890 370 0.15

45 TS 1042 84 0.729 440 0.22

50 TS 1013 51 0.705 1600 0.80

51 TS 1013 44 0.694 1160 0.58

52 TS 1012 61 0.743 800 0.40

Average = 880 psf 0.44 tsf

TABLE 6-2 SUMMARY OF ESTIMATED STEADY STATE STRENGTHS FOR SAND SAMPLES

Sample Elev. Percent Pre-earthquake* Sus Sus

No. Source (ft) Fines Void Ratio (psf) (tsf)

4 U-1liA 1013 22 0.620 2000 1.00

16 U-ill 1017 15 0.890 200 0.10

43 TS 1044 21 0.758 680 0.34

44 TS 1044 16 0.712 2600 1.30

46 TS 1042 4 0.587 (4500)** (2.25)**

Average = 1380 psf 0.69 tsf

* Assuming change in void ratio in interval from just before earthquake in 1971 to

time of sampling in 1985 is about Ae = 0.020.

**Sample not included in strength averages.
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Discussion of Results

It may be seen from Table 6-1 that the estimated values of steady-state

strength for the samples of sandy silt in their pre-earthquake condition range

from about 200 to 1600 psf, with an average value of 880 psf. There does not

appear to be any significant difference between the results of tests performed

on samples from the test shaft and samples obtained from the undisturbed

sample borings.

Table 6-2 shows the estimated values of steady-state strength for the

samples of silty sand; again samples taken from the test shaft have been cor-

rected for the effects of heave at the base of the shaft in addition to the

changes described in the Appendix to this report. However swelling for these

samples was considered to be only one half of that occurring in the sandy

silt. It may be seen that values of steady-state strength range from about

200 psf to over 4900 psf, with an average value (excluding Sample No. 46 since

it appears to represent an isolated condition) of about 1380 psf.

It is not clear how these results should be interpreted to determine a

representative value for the soils in the zone of liquefaction in the upstream

shell of the Lower San Fernando Dam. The soils which liquefied in the main

slide area were considered at the time of the field studies of the slide to be

mainly silty sands but it would seem, from the 1985 investigation, that they

must have included considerable quantities of sandy silts. A review of

photographs of the liquefied soils in the slide area shows that liquefaction

and loss of strength clearly occurred in a variety of soil types including

clean sands, some coarse sand, and silty sand, and that it was not limited to

sandy silt. Such soils were evident in the failure zone and in samples taken

from this zone. Under these conditions it does not seem reasonable to base an

evaluation of the post-earthquake strength of the soil in the liquefied zone
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on the results of tests on a single material. Viewed from this perspective,

selection of a representative post-earthquake strength for the material in the

liquefied zone of the upstream shell, from the available data, presents

significant problems. The problems are compounded by the variability of the

test results and the very limited number of samples on which tests could be

performed.

If the average value determined for all samples tested in this study is

taken as representative, then based on tests on 14 samples (excluding Samples

Nos. 20 and 46) it would be about 1020 psf. On the other hand, if the average

values for sandy silt and silty sand are given equal weight, the representative

average value would be about 1130 psf. Alternatively if the sandy silt near

the base of the embankment near Boring Sill is considered representative, the

average steady-state strength would be 880 psf. In view of the variability of

the soils and the extensive zone over which failure occurred (about 1100 ft

along the embankment), it is not clear how a representative value can be

determined from the data available. Based on the data, however, it seems

reasonable to select a value of the order of 1000 psf for the steady-state

strength of the hydraulic fill near the base of the downstream shell of the

embankment.

It is interesting to note that the average steady-state strength for

15 samples of silt tested by GEl and corrected for post-earthquake void ratio

changes in the same manner as that used in this investigation leads to an

average value for steady strength of this soil, on the downstream side of the

embankment, of about 1100 psf. This is in remarkably good agreement with the

values discussed above. Averaging the results from the two laboratory programs

results in a mean value of approximately 1050 psf.
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7. Properties of Hydraulic Fill Near the Base of the
Upstream Shell of the Embankment

In the preceding sections of this report, emphasis has been placed on

determining the properties of the hydraulic fill near the base of the down-

stream shell of the embankment in the condition existing prior to the 1971

San Fernando earthquake. Since the slide occurred in the upstream shell of

the embankment, however, it is necessary to question whether the properties

of the hydraulic fill were the same on both sides of the embankment.

Castro and Keller (1987) have suggested that this was probably not the

case for two reasons:

1. The placement of the stabilizing berm on the outside of the down-

stream shell in 1940 induced some compressive stress and thus some

additional degree of densification of the hydraulic fill on the

downstream side of the embankment.

and 2. The presence of water in the reservoir would necessarily cause

the effective vertical stresses on the hydraulic fill in the up-

stream shell to be lower than those in the downstream shell, thereby

leading to a somewhat less dense condition for the soil in the

upstream shell. This would depend to some extent on whether the

upstream shell ever existed, after construction was completed, with

little or no water in the reservoir thus permitting the sand to com-

press under the full weight of the fill. Unfortunately this early

history of the reservoir is not known and thus this question cannot

be resolved definitively.

Never-the-less Castro and Keller (1987) have estimated that taking into

account both of these considerations, the void ratio of hydraulic fill on the

upstream side of the embankment may be as much as 0.011 higher than that of
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corresponding hydraulic fill near the base of the downstream side of the

embankment. This is a rather significant difference and it would cause corre-

sponding changes in the penetration resistance, the cyclic loading resistance

and particularly the steady state strength values of the hydraulic fill.

Estimated values of these characteristics taking this change in void ratio

into account are as follows:

(1) Penetration Resistance

It was shown in Section 4 of this report that a change in void ratio of

the hydraulic fill of 0.020 would lead to a change in penetration resistance

of the hydraulic fill of about 2 blows/ft. Following a similar line of rea-

soning, it may be shown that a void ratio change of 0.011 would lead to a

change in penetration resistance of about 1 blow/ft. Thus the standard pene-

tration resistance of the hydraulic fill near the base of the upstream shell

of the embankment before the earthquake of 1971 can be expected to have had an

average value of (NI) 60 z 11.5. The corresponding equivalent clean sand value

of (N )6 0 is about 13.5.

(2) Cyclic Loading Resistance

On the basis of the results presented in Section 5 of this report, it is

found that a change in void ratio of 0.011 in the hydraulic fill could be

expected to change the cyclic loading resistance of the hydraulic fill by

about 4%. The estimated cyclic loading resistance of the hydraulic fill near

the base of the upstream shell prior to the 1971 earthquake, obtained by

reducing the values shown in Figs. 5-4 and 5-8 by 4% is shown in Fig. 7-1.

Also shown in Fig. 7-1 is the cyclic loading resistance of the hydraulic

fill determined from the empirical correlation shown in Fig. 5-7, correspond-

ing to soil with a value of (NI) 6 0 z 11.5 and a fines content of 25 to 30%.

It may be seen that the cyclic loading resistance is about the same whether it
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is determined by laboratory tests or by the correlation based on SPT data.

Furthermore both procedures lead to values of cyclic loading resistance within

a few percent of the values used for analysis of the seismic stability of the

embankment in 1973 (Seed et al., 1973).

(3) Steady-State Strength

Steady-state strength values for the samples .ested in this investiga-

tion, corrected for an additional increase in void ratio of 0.011, can readily

be read off from the data presented in Figs. 6-7 and 6-8. The additional

values of Sus determined from the steady-state strength test data in this way

lead to the following values for the hydraulic fill near the base of the

upstream shell:

Average of 10 samples of silt = 640 psf

Average of 4 samples of silty sand = 1020 psf

Average of 14 samples of silt and silty sand = 750 psf.

For comparison purposes it may be noted that the average steady-state strength

for 15 samples of silt tested by GEl and corrected for the same change in void

ratio is 860 psf. The overall average for 29 samples tested in both studies

is thus about 800 psf.

A more conservative interpretation of the steady-state strength test

data, say by choosing 35-percentile values leads to the following values:

35-percentile value for 14 samples of silt and
silty sand tested in this investigation z 475 psf

35-percentile value for 15 samples of silt
tested by GEI z 680 psf.

The overall 35 percentile value for 29 samples tested in both studies is thus

about 580 psf.
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8. Practical Significance of Test Data

The main purposes of this study were:

1. To determine whether the steady-state testing procedure would pro-

vide values of post-earthquake strength for the liquefied soil in

the Lower San Fernando Dam in reasonable agreement with those deter-

mined from back-analysis of the failure conditions.

2. To determine whether the results of steady-state tests performed in

different laboratories would be in reasonable agreement.

3. To determine whether the cyclic loading resistance of the soils in

the hydraulic fill of the Lower San Fernando Dam used in previous

analyses of seismic stability were significantly affected by sample

disturbance.

4. To explore how the cyclic loading resistance of undisturbed samples

of the hydraulic fill material determined by laboratory tests com-

pared with that determined from correlations between cyclic loading

resistance and SPT values of (NI) 6 0.

and 5. To determine whether the residual strength of the hydraulic fill in

the failure zone of the San Fernando Dam could be anticipated based

on correlations of values of residual strength determined from stud-

ies of other liquefaction-type failures and SPT (N1 )6 0 values.

The results obtained in this study provide answers to most of these

questions as discussed below. For ease of reference, the properties of the

hydraulic fill determined in the preceding sections of this report are sum-

marized in Table 8-1.
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TABLE 8-1 SUMMARY OF STRENGTH PARAMETERS FOR
LOWER SAN FERNANDO DAM HYDRAULIC FILL

Base of Upstream Base of Downstream
Strength Parameter Hydraulic Fill Zone Hydraulic Fill Zone

Pre-Earthquake
Average In Situ SPT (NI) 6 0  z 11.5 - 12.5

(blows/foot)

Pre-Earthquake
Average Clean Sand
SPT [(NI) 6 0 'CS - 13.5 - 14.5
(blows/foot)

Pre-Earthquake
Average Cyclic Stress Ratio

Causing ru 7 100% in 15 Cycles
in Isotropically Consolidated z 0.31 0.33

Cyclic Triaxial Tests
with 03c = 1 ksc

Pre-Earthquake
Average Steady-State Strength 800 psf 1050 psf

Pre-Earthquake
35th percentile 580 psf 750 psf

Steady-State Strength

Actual Residual Shear
Strength Determined from NOT APPLICABLE

Configuration When Slide 400 ± 100 psf D/S Hydraulic Fill

Mass Stopped Moving (psf) did not liquefy

105



(a) Steady-State Strength Determination

1. It can be concluded that the use of the steady-state testing

approach, as proposed by Poulos et al. (1985) and applied in this

study, is capable of predicting the onset of sliding in the upstream

slope of the Lower San Fernando Dam. The approach used involves the

assumption that the soil in the embankment would liquefy and a very

conservative interpretation of a comprehensive set of test data.

Never-the-less following these procedures it can generally be deter-

mined that the initial (pre-slide) static driving stress in the

hydraulic fill would be about 800 to 900 psf and the average post-

earthquake residual or steady-state strength of this material after

liquefaction would be about 800 psf. Such results would indicate

that sliding would be initiated in the upstream slope, and this is a

significant accomplishment of this re-evaluation program. Also

important is the fact that similar results can be obtained indepen-

dently in different laboratories and they can all be interpreted to

indicate strengths which will lead to prediction of the onset of a

failure.

This conclusion becomes more definitive if the steady-state

strength test data is interpreted more conservatively by adopting a

35-percentile value (i.e. about 580 psf) for comparison with the

initial driving stress. However there seems to be no special reason

to select such a value in this case unless it is to allow for unknown

factors not included in the testing and data-interpretation proce-

dures.

It should be noted, however, that the results of the steady-

state testing program must be interpreted carefully and very
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conservatively to arrive at these results. In fact the procedure

followed in this investigation involves the following steps and

assumptions:

1. Locate, by a careful investigation, what appears to be the

weakest zone in the embankment profile.

2. Assume that the soil in this layer or zone exists over the

entire base of a long embankment, even though it is unlikely

to do so because:

(a) Other soil types are known to exist near the base

of the embankment

and (b) There was apparently a dilatant zone of soil near

the toe of the upstream shell, probably related to

the construction of the starter dike for the

hydraulic fill construction operations.

3. Perform a steady-state testing program on many samples from

the most critical layer or zone identified to determine a

representative strength for the most critical material in

the zone, even though the zone may also include other mate-

rial types.

4. Allow conservatively for the fact that the soil in the up-

stream shell of the embankment may be weaker than that in

the downstream shell even though there may be some uncer-

tainty about this question.

and 5. Interpret the test results conservatively--say by using the

35-percentile value of steady state strength from the test

data on the weakest soil type encountered, and assume that
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this strength applies for other soils comprising the lique-

fied zone.

Many of these procedures and assumptions are reasonable and

their use leads to good results in this significant case study. How-

ever presumably comparable levels of care and conservatism would be

required in any other project where steady-state testing is to be

used for design or analysis purposes. Despite these cautionary

observations, however, the present study provides a good indication

of the ability of the steady-state strength approach, with conserva-

tive data interpretation and conservative assumptions regarding

likely field behavior mechanisms, to predict the onset of a sliding

failure for the conditions existing after liquefaction occurred in

the upstream shell of the Lower San Fernando Dam. This is a signifi-

cant advancement in the use of laboratory test data for such a pur-

pose.

2. Also of importance, however, is the fact that even with conservative

data interpretation, the steady-state strength determined from the

laboratory tests does not indicate the best estimates of the actual

residual strength apparently achieved by the liquefied soil (about

300 to 500 psf) in the Lower San Fernando Dam. Based on the results

presented in Section 1, the best-estimates of the average pre-

earthquake, post-earthquake and post-slide stresses and strengths in

the hydraulic sand fill near the base of the upstream shell, and

their variations with time after the start of earthquake shaking to

the end of sliding, are shown in Fig. 8-1. As the slide movements

progressed, the average driving stress was gradually reduced and,

since inertia effects were small, sliding would stop when the average
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driving stress became equal to the residual or steady-state strength

of the liquefied sand. A comparison of the estimated range of resid-

ual strengths for the liquefied soil based on the configuration of

the slide zone when the slide movements stopped (400 ± 100 psf as

discussed in Section I of this report), and the probable average and

35-percentile values of steady state strength determined from the

laboratory test program as indicated above is shown in Fig. 8-2. The

range of values of steady-state strength determined from laboratory

tests is significantly higher than the range of values of back-

calculated residual strength, indicating that a more conservative

interpretation of steady-state strength data than the use of a 35-

percentile value may well be required to determine the actual resid-

ual or steady-state strength of liquefied soils.

The steady state strength values determined in this study are

also significantly lower than those obtained for comparable materials

in a number of other studies (Von Thun, 1986), further indicating the

care required to assure the determination of representative values.

3. Possibly the main reason why it is necessary to interpret the test

data conservatively, rather than simply taking the average value of

steady state strength from a range of soil types as would seem appro-

priate for a failure investigation, is that the interpretation of the

test results does not include any allowance for the possible effects

of water content or void ratio redistribution which may well occur in

the field during an earthquake. Arthur Casagrande discussed this

possibility at length in his later writings on soil liquefaction. In

fact in his Carillo Lecture, the text of which was published in 1984,

he stated:
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"The question that will arise is: If we have in the

ground a large mass of the same sand material with an

initial relative density of 40 or 41 percent, can the

material actually liquefy? Can such a redistribution of

water content occur, or is this redistribution a boundary

effect that occurs in (test) specimens and depends even on

the shape of the specimens? .... I believe that many have

tried to answer these questions by laboratory tests. We

should do more in the field--investigate sand deposits in

areas that are subject to frequent earthquakes and deter-

mine on an empirical basis which relative density can liq-

uefy and which can-not liquefy. At the moment I do not

have the answer to this problem."

More recently the possibility of water content redistribution has

been discussed by Seed (1986,1987), Whitman (1985), and the report of

the NRC Committee on Earthquake Engineering (1986). Model test data

from China indicates that this phenomenon does occur in stratified

sands and more recently, Arulanandan et al. (1989) have presented

centrifuge model test data to show that it occurs in sands in layered

deposits and Gilbert (1984) has shown that it occurs in undrained

laboratory triaxial tests. To circumvent the problem, Seed (1986,

1987) developed an empirical correlation between the residual

strength of liquefied sands and silty sands and the SPT blow count,

as Casagrande had suggested.

The fact that this phenomenon may well occur both in the field

and in the laboratory does not in any way invalidate the basic con-

cepts of the steady state approach. It simply puts an additional

obstacle in the path of determining an appropriate strength using

this method. Since the tests do not include water content redistri
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bution effects, it is necessary to allow for these effects by extrap-

olating the laboratory test data to somewhat higher void ratios than

those existing in the field at the start of the earthquake so that

the strength of the loosened sand zones can be determined. The prob-

lem is that we do not currently know how to determine these higher

void ratios; but certainly a conservative interpretation of the test

data is a step in the right direction. The alternative, which may

seem preferable to many engineers, is to accept the fact that field

case histories have this factor incorporated directly in the field

performance to the extent that it actually occurs in nature, and thus

determinations of residual strength from studies of liquefaction-type

failures allow for the effects of the phenomenon in the field.

This seems to be a more practical approach than the inclusion of

an arbitrary amount of conservatism in the interpretation of steady-

state test data. It is Also significantly less expensive, since pen-

etration test data will inevitably be required in any case.

4. It may be noted that the overall average value of steady-state

strength determined in this special study of the soils near the base

of the upstream shell of the Lower San Fernando Dam (about 800 psf)

is in reasonable accord with the values of residual strength indi-

cated by other case studies of the residual strength of liquefied

sands and silty sands, when the effects of variations in relative

density, as measured by penetration resistance, are taken into

account (see Fig. 8-3). This is not always the case (see data summa-

rized by Von Thun, 1986) and thus a comparison of laboratory-deter-

mined values of residual or steady-state strength with values deter-

mined from case studies would seem to be necessary in all cases,
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pending further studies and the development of appropriate bases for

the use of laboratory test data for design and evaluation purposes.

5. Finally, it should be noted that field evidence indicates no signifi-

cant degree of pore-pressure generation occurring in the downstream

shell of the Lower San Fernando Dam during the earthquake shaking of

1971, and extensive sampling following the 1971 earthquake showed no

evidence of soil liquefaction in this zone, with the exception of one

sample taken from the upper layers of hydraulic fill near the core of

the embankment. In the absence of liquefaction in the downstream

shell it is not possible to judge the applicability of steady-state

theory, which applies only when liquefaction occurs, to the condi-

tions in the downstream shell of the embankment in this earthquake.

(b) Determinations of Cyclic Loading Resistance

1. The results of cyclic load tests performed on samples of silty sand

and sandy silt obtained from the 1985 field investigation program are

very similar (within a few percent) to those obtained in the 1971

study for samples which are tested under isotropic consolidation con-

ditions and reach a condition of ru Z 100% and ±5% strain in numbers

of cycles less than about 10.

2. The laboratory cyclic load test data for conditions producing a pore

pressure ratio of 100% in isotropically-consolidated samples are also

in good accord with values determined from the standard penetration

test results and existing correlations between (N1 )6 0 values and

cyclic loading resistance based on field performance of level sites.

This agreement is obtained despite the fact that the samples tested

were probably about 10 to 15% higher in relative density at the time
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of testing than for the field condition at the time of the earth-

quake. A correction to the data could be made for this relative den-

sity change, but it is apparently unnecessary because of compensating

effects on the test specimens resulting from the disturbance and den-

sification of loose to medium dense sands in the sampling process.

3. Because the cyclic loading resistance of the cohesionless soil in the

hydraulic fill is essentially the same in the 1985 and 1971 investi-

gations, it follows that the zones of liquefaction in the hydraulic

fill, based on the 1985 studies, are about the same as those deter-

mined from the 1971 studies if the Seed-Lee-Idriss method of analysis

is used to investigate the extent of this zone. The results of the

earlier analyses are shown in Fig. 8-4. The predicted zone of lique-

faction in the upstream shell is in good general accord with that

determined from field investigations of the mechanism of sliding.

Field evidence indicates no significant degree of pore pressure

generation occurring in the hydraulic fill in the downstream shell

of the Lower San Fernando dam due to earthquake shaking in 1971, and

extensive sampling following the earthquake in 1971 showed no evi-

dence of soil liquefaction in this zone with the exception of one

sample taken from the embankment in the upper layers of hydraulic

fill near the core of the embankment. Piezometer readings in the

downstream shell following the 1971 earthquake show no evidence that

a condition of liquefaction was even close to being triggered by the

shaking. The general absence of significant pore-pressure generation

in the downstream shell is also in accord with the analytical results

shown in Fig. 8-4. However a limited degree of pore pressure build-

up was observed to have occurred both in the downstream shell and in

116



* C D

z LJj

* U s

E6- C

- I*I
2* -

*_1 LjJ

V 04

a aJ

: :* L C>
* CC

SA-

L A -'i LIi

00

'a

11



the foundation soils, and this presumably corresponds to some of the

settlements observed in the downstream slope since the 1971 earth-

quake.

4. The cyclic loading resistance of the hydraulic fill, either deter-

mined by the laboratory studies in the 1973 or 1985 investigations,

or on the basis of the empirical correlation between cyclic loading

resistance and standard penetration test data (Seed et al. 1983,

1985; Seed, 1981), used in association with the Seed-Lee-Idriss

procedure for evaluating the seismic stability of embankments, also

leads to the conclusion that there would be no large pore pressure

build-up leading to the onset of sliding in the Lower San Fernando

Dam if the Magnitude 6.6 earthquake in 1971 had produced motions at

the dam-site having a maximum acceleration of about 0.2g. This is an

important result because many hydraulic fill dams have withstood

earthquake shaking with maximum accelerations up to about 0.2g in

other earthquakes (Seed, 1984) and three hydraulic fill dams (Silver

Lake, Fairmont and Lower Franklin dams) located in the Los Angeles

area survived the 1971 San Fernando earthquake with no apparent

damage despite the fact that the earthquake caused ground shaking

with a maximum acceleration of about 0.2g at all three dam-sites.

It is also in reasonable accord with the known performance of

the Lower San Fernando Dam in previous earthquakes to which it had

been subjected. A review of earthquake shaking levels in the

San Fernando area since the Lower dam was constructed in 1915-1916

up to the time of the earthquake in 1971 shows that the maximum level

of earthquake shaking to which the Lower dam had been subjected prior

to 1971 was that resulting from the 1952 Kern County earthquake
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(Magnitude 7.6). Based on records obtained at stations in the vicin-

ity of San Fernando, the 1952 earthquake probably produced a maximum

acceleration of about 0.09g at the site of the Lower San Fernando

dam. Two days after this earthquake a pore pressure increase of

about I ft of water was observed in Observation Well No. 37, which

has its tip in the foundation soils below the downstream rolled fill

buttress. In comparison, this same well showed a pore pressure

increase of about 5 ft of water about I day after the 1071

earthquake. Observation wells in the downstream hydraulic fill were

not read until two weeks following the 1952 earthquake, at which time

no increase in pore water pressure could be observed. In comparison,

two weeks after the 1971 earthquake, one of these same wells (No. 16)

showed a pore pressure increase of about 4 ft. These water pressure

measurements indicate that the induced cyclic strains were signifi-

cantly less during the 1952 earthquake than in the 1971 earthquake,

suggesting that pore pressure increases in the upstream shell would

also be correspondingly less and clearly insufficient to trigger

liquefaction. This is also confirmed by the fact that there was no

evidence of any type to indicate that the upstream shell of the

embankment was even close to a failure condition in the 1952 event.

This behavior helps to set a bound on the accelerations which would

not cause a liquefaction-type failure in the upstream shell.

A ground motion with a peak acceleration of 0.09g in the 1952

Magnitude 7.6 earthquake would be equivalent in its damaging capabil-

ity to a significantly higher level of peak ground acceleration

developed in a Magnitude 6.6 event (which would have a shorter dura-

tion of shaking) such as that which occurred in 1971. Different
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approaches may be used to determine the equivalent level of shaking.

For example Bureau et al. (1985) have proposed the Earthquake

Severity Index as a means of assessing the effects of earthquake

shaking on embankment dams. The Earthquake Severity Index (ESI),

which is intended to evaluate the combined effects of earthquake

Magnitude and maximum ground accelerations, is defined by Bureau

et al. as:

Earthquake Severity Index = amax * (M - 4.5) 3

Thus the ESI for the Lower San Fernando dam site in the 1952 earth-

quake was equal to 0.09g (7.6 - 4.5)3 z 2.7g. In a Magnitude 6.6

event the equivalent value of amax required to produce the same

severity of shaking would be:

(amax)equiv ESI 2. 7g 0.3g.(M - 4.5)3 (6.6 - 4.5)3

Since there was no apparent damage to the dam in the 1952 event, it

might be concluded from this result that the embankment would have

safely withstood earthquake motions with a peak acceleration of about

0.3g in the 1971 San Fernando earthquake.

Alternatively if the incidence of liquefaction is due primarily

to the effects of (a) the slightly higher spectral accelerations

associated with M = 7.6 earthquakes as compared with M = 6.6 events

and (b) the greater duration of shaking in M = 7.6 earthquakes as

compared with M = 6.6 events, then the equivalent maximum accelera-

tion for a Magnitude 6.6 would only be about 1.4 times that for a

Magnitude 7.6 event, which would lead to an equivalent M = 6.6
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acceleration, corresponding to the ground shaking in the 1952 earth-

quake, of only about 0.09g x 1.4 z 0.13g.

In view of this range of values and the fact that the Lower dam

showed no evidence of being even close to a failure condition in the

1952 earthquake, it seems reasonable to conclude that it would have

safely withstood the 1971 San Fernando earthquake with no observable

pore pressure changes in the downstream shell and no evidence of any

significant strength loss in the upstream shell, if it had been

further from the source and the maximum acceleration had been about

0.2g rather than the value of about 0.55g which actually occurred and

led to the failure.

This same result is indicated by the analysis procedure. Thus

the cyclic loading resistance of the hydraulic fill determined in

both the 1973 and 1985 investigations, used in conjunction with the

Seed-Lee-ldriss procedure for seismic stability evaluation, seems to

provide satisfactory evaluations of the known performance of the

Lower San Fernando Dam at both bounds for which failure or non-

failure can be evaluated.

5. Because of the densification of samples in the sampling, handling,

and testing process, it is unreasonable to expect that the residual

or steady state strength measured on a sample, after it liquefies in

a cyclic load test, could possibly be indicative of the residual or

steady state strength of the soil in its field condition. To deter-

mine such a residual strength for the soil would require a major cor-

rection for void ratio changes and this is more easily accomplished

by performing steady-state strength tests under static loading condi-

tions as proposed by Poulos et al. (1985).
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6. Although the residual strength of the silty sand in the Lower

San Fernando Dam can not be determined directly by cyclic loading

tests on undisturbed samples in the laboratory, it can be determined

with a good degree of accuracy from a correlation of residual

strength determined in other flow-failures with the SPT (N1 )6 0 value

of sands. Values determined in this way are in the range of 400 to

800 psf and, in conjunction with the indicated zones of liquefaction,

they lead to the conclusion that a flow failure would occur in the

Lower San Fernando Dam as a result of the 1971 earthquake shaking and

that the soil could move through a distance of 150 to 200 ft as

actually occurred.

7. Thus it follows that both the distribution of zones of liquefaction

and the residual strength of the soil in these zones can be predicted

with a satisfactory degree of accuracy from correlations of SPT

values of (N) 6 0 with c~clic loading resistance and residual strength

of sands, silty sands and sandy silts. This method of approach

offers the practical advantage that representative values can be

based on a larger number of data points which describe the non-

homogeneity of the soils involved and permits a meaningful statisti-

cal analysis of this data for the determination of representative

values. It also ensures that parameters selected for use in design

and analysis are not inconsistent with those representative of a

significant number of cases of failure and non-failure due to lique-

faction under actual field conditions.

(c) Post-liquefaction resistance of hydraulic fill determined from
laboratory tests

1. The only way to determine the post-liquefaction resistance of a sand

or silty sand in its in-situ condition by means of laboratory tests

122



is to measure this resistance at the void ratio of the sample used in

the test and then correct it to the in-situ void ratio of the soil,

as proposed in the steady-state testing procedure. This procedure is

necessary because of the very significant change in void ratio which

takes place in the sampling, handling and reconsolidation processes.

Aspects of the procedure which should be carefully considered in

determining the residual or steady-state strength of a soil by this

method are the following:

(a) Whether it is appropriate to correct the results to the current

in-situ void ratio of the sand or whether there may be some

redistribution of water content during the earthquake which

would change (increase) the void ratio to a higher value.

(b) The magnitude of the correction involved. In the present study

the average steady-state strength of all samples, as tested, was

about 5250 psf, while the average strength after correcting the

results to the pre-1971 earthquake void ratio of the hydraulic

fill in the upstream shell was about 750 psf. Thus the correc-

tion factor is very large and small changes in procedural

details, such as the slope of the steady-state line, can have a

large effect on the final results.

(c) The large variations in steady-state strength which occur from

one sample to another, even when a major effort is made to limit

the selection of samples to one type of soil. Because of the

large scatter it is necessary to perform a large number of tests

to obtain a representative body of data from which to select a

reasonable value of residual or steady-state strength to be used

in design. At the present time the selection of design strength

can only be made on the basis of engineering judgment.
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With appropriate consideration of these factors, the studies

described previously show that reasonable values of post-liquefaction

strength of a soil can be made by this procedure.

2. For the liquefied cohesionless soils in the upstream shell of the

Lower San Fernando Dam, the post-liquefaction strength can be deter-

mined from slope stability analyses to be about 400 ± 100 psf. In

this study the average steady-state strength for all samples tested,

corrected to the pre-1971 earthquake condition in the upstream shell

was found to be 800 psf, while the 35-percentile value for all the

test data is about 580 psf. If the sandy silt and silty sand are

considered to be representative of all the soil in the liquefied zone

of the upstream shell, then with a conservative interpretation of the

test data and conservative assumptions regarding the likely field

behavior of the soil near the toe of the upstream shell of the

embankment, the steady .tate-strength procedure correctly predicts

the onset of sliding in the upstream shell. Use of the 35-percentile

value of steady state strength for the samples tested would indicate

that a flow-type failure would occur if liquefaction were triggered

by the 1971 earthquake shaking. However, even the 35-percentile

values of steady-state strength are still somewhat higher than the

values of residual strength determined from back-analysis of the con-

ditions in the failure zone of the dam after sliding stopped.

Thus very conservative data interpretation and/or the avoidance

of low factors of safety is required in interpreting the results of

steady-state strength tests in order to arrive at a meaningful value

for engineering analysis purposes.
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9. Conclusions

The results presented in the preceding pages provide a basis for re-

evaluating the soil conditions in the Lower San Fernando Dam prior to the

failure of the upstream shell in the earthquake of 1971 and the applicability

of currently-available procedures for evaluating the seismic stability of

embankment dams. The main conclusions to be derived from the studies would

appear to be as follows:

1. (a) The soil in the zone of liquefaction in the upstream shell appears

to be a stratified sequence of layers of silty sand, sandy silt and

clay. The sand becomes less fine towards the outer parts of the

embankment. Representative average characteristics for the cohe-

sionless zones of the upstream hydraulic fill, in the condition

existing before the earthquake in 1971, appear to be as follows:

Silty sand with fines content of about 25 to 30%

(N,)6 0 in situ z 11.5

Equivalent clean sand (NI) 6 0 z 13.5.

The results of the standard penetration tests performed in both the

1971 and 1985 investigations were remarkably similar and both sets of

data are generally in accord with the average conditions noted above.

(b) The average post-liquefaction strength of the soil in the liquefied

zone of the upstream shell at the time of failure was about 400 ±

100 psf.

(c) The combination of penetration resistance and residual strength of

the liquefied silty sand is consistent with the correlation between

these soil characteristics determined for other liquefaction failures

(see Fig. 8-3).
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2. The Seed-Lee-Idriss method for analyzing the seismic stability of earth

dams provides a meaningful basis for evaluating the zone of liquefaction

which developed in the upstream shell of the embankment of the Lower

San Fernando Dam as a result of the ground shaking in the 1971

San Fernando earthquake and also indicating the absence of liquefaction

in the downstream shell of the embankment. It also seems to provide a

suitable basis for demonstrating that a liquefaction-type failure would

not be triggered in a similar earthquake (M z 6.6) producing peak

accelerations of the order of 0.2 to 0.25g, which would appear to be

justified on the basis of the performance of the embankment in the 1952

Kern County earthquake (M z 7.6) and the performance of other hydraulic

fill dams in the Los Angeles area in the 1971 San Fernando earthquake.

However cyclic loading resistance as measured in cyclic triaxial

tests on "undisturbed" samples cannot predict the residual strength of the

liquefied sand and some supplementary procedure is required for this

purpose.

3. The residual strength of a liquefied soil can only be determined at the

present time by two methods:

(a) Correlations based on past case studies (Seed, 1987).

or (b) Steady-state strength testing in the laboratory as proposed by

Poulos et al. (1985), followed by appropriately conservative

corrections to the field void ratio condition taking all rele-

vant factors into account.

Both methods inevitably involve a significant degree of judgment due to

the natural non-uniformity of cohesionless soils. Thus large numbers of

tests are required to determine representative properties. However both

methods, applied to the case of the liquefaction-type slide in the
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upstream shell of the Lower San Fernando Dam correctly predict that such

a slide would occur if liquefaction of the soils were induced by the

earthquake shaking.

4. Both cyclic loading resistance (as measured by the development of

100% pore pressure ratio) and residual strength can be reasonably well corre-

lated with values of (N,)6 0 determined by SPT values. Use of these corre-

lations, in conjunction with appropriate analysis procedures, is likely to

provide as reliable a method as any to evaluate the seismic stability of

embankment dams.
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Appendix I: LABORATORY TESTING PROCEDURES AND TEST RESUITS

I-1 General:

This Appendix describes the sampling and testing procedures used in

these studies, and presents individual plots of the results of each test

performed. All tests reported herein were performed at the Stanford

University Geotechnical Laboratory. Testing procedures employed are

described in Sections 1-2 and I-B.

Bulk samples as well as high quality "undisturbed" samples for this

program were obtained and delivered to the Stanford Geotechnical

Laboratory by Geotechnical Engineers, Inc. Bulk samples of hydraulic

fill were obtained by hand from within a large-diameter exploratory shaft

bored through the intact downstream portion of the hydraulic fill at

approximately station 6+00. Figure 2-2 shows the location of this

exploratory shaft. A total of seven different bulk samples from this

test shaft were forwarded for possible investigation.

Two sampling methods were used to obtain high quality "undisturbed"

samples of hydraulic fill. "Undisturbed" 2.8-inch diameter piston

samples were retrieved from conventional boreholes, and hand-carved

samples (also of 2.8-inch nominal diameter) were obtained at various

elevations within the exploratory shaft. A brief description of sampling

procedures and sample handling procedures is included in Appendix I -

Section B. Figure 2-2 shows the locations of the sample borings and test

shaft. Figure 1-1 shows the locations of each "undisturbed" sample

tested as part of this testing program, projected onto the existing

embankment profile. This includes samples subjected to both monotonic

and cyclic undrained loading.
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Section I-A presents the results of IC-U triaxial tests performed

on reconstituted bulk samples and Section I-C presents the results of

IC-U triaxial tests performed on "undisturbed" samples to provide a basis

for evaluation of in-situ steady state strengths of the hydraulic fill

zones. Undisturbed samples for these tests were selected so that only

silty sand and sandy silt samples of low plasticity obtained from within

the elevation ranges of between +1008 to +1023 feet and between +1039 to

+1056 feet (NGVD) were subjected to residual strength testing, as

Standard Penetration Test (SPT) data suggests that these types of samples

within these two elevation ranges are likely to represent the lowest in-

situ steady-state strengths within the hydraulic fill zones.

Section I-D presents the results of undrained cyclic triaxial tests

performed on undisturbed samples. Isotropically consolidated undrained

cyclic tests were performed on "undisturbed" silty sand and sandy silt

hydraulic fill samples obtained from elevations of between +1010 to 1054

feet (NGVD). Anisotropically consolidated undrained cyclic triaxial

tests were performed on silty sand hydraulic fill samples obtained from

within the same range of elevations to investigate the influence of

initial static stress anisotropy on undrained cyclic pore pressure. In

addition, a series of isotropically consolidated undrained cyclic

triaxial tests were performed on "undisturbed" silty clay samples

obtained from the hydraulic fill "core" zone at approximately elevation

+1021 feet (NGVD) to investigate the cyclic loading behavior of this core

material.

1-2 Steady State Line Evaluation:

The gradation characteristics of the intact downstream portion of

the Lower San Fernando Dam hydraulic fill vary considerably, ranging from
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fairly clean medium silty sands to clayey silts of low plasticity. It

was judged that the "undisturbed" samples subjected to undrained steady-

state strength testing could be divided into two general classes:

(a) medium to fine silty sands (SM to SM-ML) and (b) finer sandy clayey

silts (SM-ML to ML). The criterion for separating these two classes of

hydraulic fill material was the samples' fines contents: samples with

more than 40 percent by dry weight passing a No. 200 sieve were

considered to represent "silty" materials and will be referred to as

"sandy silts." Soils with less than 25 percent by dry weight passing a

No. 200 sieve were considered to represent "sandy" materials, and will be

referred to as "silty sands." Steady state lines were developed by

testing reconstituted specimens from two bulk samples, one a medium to

fine silty sand and the other a sandy clayey silt, in order to provide a

basis for the void-ratio-based correction of Ssu for samples of both soil

types.

1-2.1 Steady-State Line for Silty Sands:

Bulk Sample No. 3, obtained from the exploratory test shaft at

Elevation 2041, is a medium to fine silty sand with approximately 10

percent non-plastic silt fines as determined by "wet" hand-sieving

through a No. 200 sieve. A gradation curve for this soil is presented in

Figure 6-2. A series of nine isotropically consolidated-undrained (IC-U)

triaxial tests with pore pressure measurements were performed on

reconstituted samples of Bulk Sample No. 3.

All samples tested were 2.8-inches in diameter, with a height vs.

diameter ratio of approximately 2.3:1. All samples wete prepared by

moist-tamping. Each sample was prepared in nine even layers. Sufficient

soil to achieve the desired void ratio within each layer was mixed to a
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water content of approximately 8 to 10 percent and then deposited into a

rubber membrane held by vacuum pressure to the sides of a rigid forming

mold. A tamper with a fixed maximum drop was then used to tamp the new

layer to a pre-determined thickness. The top of the layer was then

scarified lightly to "knit" with the base of the next layer, and the

process was repeated. Experience has shown that it is necessary to vary

the weight of soil used in each layer, using slightly more in upper

layers grading to slightly less in lower layers in order to achieve

uniform final density, as lower layers are densified slightly by tamping

of (upper) overlying layers.

Samples were saturated by a vacuum/back pressure saturation

process. First an essentially full vacuum was applied internally to

remove as much air as possible from the sample. An external vacuum

"cell" pressure was applied to minimize the applied effective confining

stress during this stage of sample preparation. Following vacuum

application, the sample was filled with de-aired water flowing from base

to top cap at approximately the rate of capillary rise (under slight

positive vertical gradient). Positive internal back pressure was then

applied sufficient to dissolve any remaining air and thus achieve full

saturation. This application of back pressure was accompanied by

simultaneous application of confining pressure in order to maintain

constant isotropic effective confining stress. An effective confining

stress of approximately 0.5 ksc (one-half atmosphere or 7.4 psi) was

maintained during both the vacuum and back-pressure saturation stages.

All vacuum and back pressures were applied slowly in increments in order

to avoid differential overconsolidation of the ends of the samples.

Achievement of full saturation was verified by monitoring the sample's
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B-values (B - Au/Aa3). B-values greater than or equal to approximately

0.98 were taken as acceptably close to full saturation.

Following back pressure saturation, each sample was isotropically

consolidated to the desired density and initial effective confining

stress a3 ,c ' The sample was then sheared to failure under undrained

conditions at a constant rate of axial strain. Axial strain rates for

loading were on the order of cA $ 0.5% per minute, in order to provide

representative measurements of internal pore pressures during shearing.

Table 1-1 presents a summary of test conditions for each sample, and

Section I-A presents individual plots of: (a) applied axial stress vs.

axial strain, (b) C3 ' vs. axial strain, and (c) deviatoric stress

(i)(cI  a3) vs. effective mean volumetric stress (j)(a' 1 - a'3) for

each test performed.

Table I-1 summarizes the results of this IC-U triaxial test series.

Figure 6-4 presents a plot of the results in the form of a plot of the

logl0 of undrained steady-state strength (Ssu) vs. void ratio. The solid

line in Figure 6-4 represents the "steady-state line" for Bulk Sample

No. 3 as determined by this test series.

1-2.2 Steady-State Line for Sandy Silts:

Bulk Sample No. 7, obtained from the exploratory test shaft at

Elevation 1013, is a sandy silt of low plasticity with approximately 52

percent fines. A gradation curve for this soil is presented in Figure

6-3. The gradation of material passing the No. 200 sieve was evaluated

based on hydrometer analysis.

A series of eleven IC-U triaxial tests were performed on

reconstituted samples of Bulk Sample No. 7. All samples tested were 2.8-

inches in diameter with a height vs. diameter ratio of approximately
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2.3:1. All samples were saturated using the vacuum/back pressure

saturation procedures described in Section 1-2.1. Two sample preparation

procedures were used. Eight samples were prepared by "moist tamping" as

described in Section 1-2.1. Three additional samples were prepared by

"wet pluviation" to investigate the influence of sample preparation

method on steady-state strength behavior. The three "wet pluviation"

samples were deposited by pluviation through standing water, and were

then isotropically consolidated to different initial effective confining

stresses (a3, c') in order to achieve different void ratios. All samples

were sheared to failure under undrained conditions at constant axial

strain. Axial strain rates for loading were approximately 0.07% to 0.1%

per minute. Table 1-2 presents a summary of test conditions for each

sample, and Section I-A presents individual plots of: (a) applied axial

stress vs. axial strain, (b) a3 ' vs. axial strain, and (c) j of the

principal effective stress sum vs. the maximum deviatoric stress (p vs. q

or (al' + a3 ')/2 vs. (a1 - a3)/2 for each test performed.

Table 1-2 summaries the results of these IC-U triaxial tests on

Bulk Sample No. 7. Figure 6-5 presents a plot of the results in the form

of a plot of the logl0 of undrained steady-state strength Ssu vs. void

ratio. As shown in this figure, there appears to be little significant

difference in steady-state strength behavior between samples of this soil

prepared by moist tamping and samples prepared by wet pluviation. The

solid line in Figure 6-5 represents the "steady-state line" for Bulk

Sample No. 7 as determiined by this test series.

1-3 Evaluation of Steady State Strengths In-Situ:

A series of 16 IC-U triaxial tests were performed on "undisturbed"

samples of hydraulic fill from the intact downstream portion of Lower
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San Fernando Dam to provide a basis for estimation of in-situ steady-

state strengths of this hydraulic fill material. Nine of these

"undisturbed" samples were 2.8-inch diameter piston samples retrieved

from conventional boreholes, and the other seven samples were hand-carved

2.8-inch diameter samples retrieved from the exploratory test shaft.

Table 1-3 and Figures 2-2 and I-i summarize the locations from which

these samples were obtained.

Section I-B provides a description of procedures used for sampling,

sample extrusion and test set-up, sample saturation, sample consolidation

arid undrained testing. Sampling procedures used for both piston and

hand-carved sampling permitted monitoring of sample void ratio changes

during the sampling process. Subsequent void ratio changes during sample

exLrusion, test set-up and consolidation were also continuously

monitored.

Table 1-3 lists the void ratios of each of the "undisturbed"

samples at various stages: (a) as tested (following consolidation),

(b) after sampling but prior to extrusion and test set-up, (c) in-situ

prior to sampling in 1985, and (d) in-situ prior to the 1971 San Fernando

Earthquake. Pre-earthquake (1971) void ratios are based on an estimated

average earthquake-induced void ratio decrease (densification of Ae :

0.020).

Table 1-4 presents a summary of test conditions for each IC-U

triaxial test performed on an "undisturbed" sample. All samples tested

were 2.8-inches in diameter. Height vs. diameter ratios varied from

1.8:1 through 2.4:1, and all samples were tested with well-lubricated end

platens. All samples were back pressure saturated, were isotropically

consolidated to the desired initial effective confining stress (a3,c),
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and were sheared to failure under undrained conditions at a constant rate

of axial strain. Strain rates employed varied from sample to sample as a

function of perceived sample permeability. Tables 6-1, 6-2, 1-3 and 1-4

present the results of these IC-U tests. Section I-C also presents

(a) soil gradation curves, (b) plots of axial stress vs. axial strain,

(c) plots of effective confining stress (a3 ,) vs. axial strain and

(d) p-q effective stress path plots for each "undisturbed" s imple tested.

1-4 Undrained Cyclic Triaxial Testing:

Both 2.8-inch diameter "undisturbed" tube sample; iv. .l as 2.8-

inch diameter hand-carved samples were subjected to cycl, :. Sample

handling, test set-up and back pressure saturation proc . ; used were

the same as described previously in Sections 1-2 cvi. :-B. Upon

completion of back pressure saturation (to a "B-value" o iot less than

B = 0.98) most of the samples were isotropically co:,solidated to

0'3, i = 2.0 ksc. Some of the samples were anisotropicalcl>; unsolidated

at Kc = 1.75 by applying an additional axial consolidotion stress

concurrent with the applied confining stress of a' 3 ,i = ?J i-.

Uniform sinusoidal axial cyclic loading was '1 using a

computer-controlled pneumatic loading system. The rate ,w"'ic loading

was 0.5 Hz for all cyclic tests performed. Testing resu''> .r( evaluated

herein primarily in terms of cyclic strains induced, ,, ", judged

that many of the samples tested contained sufficient fi ,i : t as to

he relatively impervious so that the pore pressure di , ithin

some of the samples might not have been fully unif ,;ing.

Pore pressures were measured at the sample bases.

Tables 5-1 and 5-2 present a summary of the re ... -clic

te sts. Actual test data for each individual cyclic lriItd is
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presented in Section I-D; this includes plots of (a) sample gradation

curves, (b) cyclic axial load vs. time, (c) incremental pore pressure

generation vs. time, and (d) axial strain vs. time.

In addition to the 15 cyclic tests performed on sandy and silty

samples, a series of four additional isotropically consolidated undrained

cyclic triaxial tests were performed on undisturbed samples of low

plasticity silty clay obtained from the central "core" zone of the

hydraulic fill. Table 1-5 lists sample locations, sample characteris-

tics, testing conditions and test results for these cyclic tests. All

four samples tested were silty clays of low plasticity, and all consisted

of more than 97% by dry weight finer than a No. 200 sieve.

Figure 1-2 shows the results of these tests on clayey samples,

along with the cyclic strength curves for sandy and silty samples from

Figures 5-4. Inspection of the individual test records (Figures D-21,

D-31, D-33 and D-35) show that these samples do progressively soften and

develop positive pore pressures under repeated cyclic loading. However,

as shown in Figures 1-2 and Figures D-21, D-31 , D-33 and D-35, they do

so only at relatively high cyclic stress ratios and large numbers of

loading cycles. It may be concluded from these test results that the

clayey hydraulic fill from the central "core" region of Lower

San Fernando Dam would not develop significant pore pressures and would

not be significantly softened by the cyclic loading likely to have been

induced by the 1971 San Fernando Earthquake.
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Figure 1-2: ISOTROPICALLY CONSOLIDATED UNDRAINED CYCLIC TRIAXIAL TESTS

ON UNDISTURBED SANPLES OF CLAYEY HYDRAULIC FILL
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Section I-A: IC-U TRIAXIAL TESTS ON RECONSTITUTED SAMPLES

Figures A-I through A-9 present plots of (a) applied axial stress vs.

axial strain, (b) effective confining stress (a3') vs. axial strain and (c)

one-half of the principal effective stress sum (1/2)(oI' + 03') vs. the

maximum deviatoric stress (l/2)(a1 - 03) for the isotropically consolidated

undrained (IC-U) triaxial tests of reconstituted samples of the hydraulic fill

material "Bulk Sample No. 3." A gradation curve for this medium to fine silty

sand is presented in Figure 6-2.

Figures A-10 through A-19 present similar plots of IC-U triaxial tests

of reconstituted samples of the hydraulic fill material "Bulk Sample no. 7."

A gradation curve for this non-plastic sandy silt (ML) is presented in Figure

6-3.

148



Q. .. 4 Lu.

I 4-4 0 Ch -4 C-

(A - - Va' l

00
* '. CaF - . 4~i t.

0 X:~

o E-~ E-

C) I;

I CC

C~ C C C

00

149



oJ 0

M cjn -4 0 M.

C1 - 1 * ( -

=N -4 0'

_ _ _ _ _ _ _ _ _ _ 0 .40- cn wf

0 a

L L C

0.-- * - . E I

L 0 00r

I w

*isd *d 31-IS~WnOA GA1108JA3I

CL

LL

L 0

L 20

4 -

4

*ild 3 sOeits I~~x *od 3 JxS.d '0j

150



0

ta- 4 .- 4 U4.
E CL

.CD Cw

C;CnQ V c on - r' - r4

-0

4- V) V)C) C

M I- p -q~

~ C C I

*isd I I.QIO eiz~3-
L-

-cc
_!S 'd0-4-inO el 8j3

L L Lc

LO L

L LE

0 -c 0 S

____ ~l -2L

*id seJS O~ ~*'sd )b e..JrsseJd OIJOiAeo

151



w 0

I-C
0% 4 ..- w-
" L~

LO -4 * !) f

0~ 0w ~

4-- C;

0 0c 0

4--
C~ C~C>

C.. z ~ -~ 4CD
~ -~ LK 4~J~-J 0 *r4

LO 00

5.1
LO CD

cj

0
xC >

00

c 0 C
C)) c c CC

_f C~ U) __ CD C
m m_ __ - ___ a. U

(f)d ssIi ioixt
o !S b JBS. O4JOAC

152.~



0)0
1- .1 4.

..D co 91 A a
V), -- *~ C
1~ ( - C 1100' L

Ci)n C1 -4 V) i- -

I I-
I- 4I; L

C) 00 m m >
0 CO cl -4 4-) r

h w ~-44 - m

cxC a c/2

0~

L (0

Lr
4-E

*!dI'sd Olsse.JrSIOI 4z8f

*isd OJO& CD

153-



-4 " -4 -

uE o

to 41 "
00 Ln 0 o iN

*N
'(UN

Uf 11 t.J ti1

oLI)
u m

00

!sd Id ottwIO zA 3 .J

C~~ L

C CD

'C.

L L)

4- >

0) C Q _ _ _ __ L '

L Lr c c

415



-$4

'.0 C0

Fr- % '0 LIr -

I ~ - C9 ON %0 C

V)C D cy -r .4 * 0

* * .4 N 0' CD 'J C'
C C0

00 11 I it if 11

C C *

C c z "a m 4

x En
*isd *~ ~..JBWC.OA A~eJ3 a

C1 0
U) CO I

(f)'I 1 ~ . ________ 0

!S ' O'i wn A el) C e 4:

L _________ __ __ [j__ CD
1 1

Loo

L I I M

Lr c LJn C C C

*iSd aSSBJiS (ox *isd )b *~Sse..a0- 0 1J040 1AGQ

155



0

u a

C% O -4

U) CD : D N t

00~ 01 11 11 11-

0 4j -.. 0
L 0 m~ m

1 ~ ~ "4 C~
0) ~a u m~

o U) En 41J Ln M

L.
4- I z

!sd *d OI.JLOWn(IOA eAl 438-+.3

CD I

aI) 00CD

0. 00
- ~~ .. >~~c W_ _ _ -

(f) o L
I' I L

LO

0

0
c Cn 0 0r C C: 0
C Ju 0i U- U 0 0 C

*i~ BS~tSI- sd b eJMs9e.Jd 01JOtOIAeQ

156



0

E

N - D .7 C,

00

2 c0

0I 0

4- i a.4 -

o 0 0

00

oC
L L4

L Dt

_ _ C

o c~ a

C C 0 0 .0 0 0

Lsd ) Lr 0 LO~JJ

M fuI r "

(fl as il ___ __(1)d b eieeld3-OI'e

157



00 V). f -

" -1
(Y) r C1 '-4 o.-

0. c ~ M

C - E- X
a ~-

(N. (J '-4. U-

c o CD c C-4

C 0 0) U ~ J

L 03
0. (3

COu .
Lo S

U))

!Sd ssiS jixt sd b Sr)SG~d I J j0.AS

158I



9:- uf

m ) "-4 0)

cN 0- t -z4

~o ~ ~u~ co

E- E 4 cn Ln
x PQ - - * a

CC

* ~~ II I I I

a)_ a

-J) CCD
C*n E 4. -

CDc~>

Cz 0 Ci C-
C-' 4-. C)

I- -4- -4(.

!9d sseit iotx' N-dbGMSDJ IJ 4

-159--.



'-4 '4-4 4-4

mO C CU 0

c M

Z C -

W -4 .14

0 
x E- E- 0 -4 -

LL 00

*. Z z .

I c - 4

* E- - ~ -IE-

00
L I

L

L U
S0 00

L

00

U)d I ss4slit !d bGMS ~ 1~ ~~C

_____ ____ _ J __ __ ___ 160_



m) CD0

0oU). Lt) C)
-T 00 00 0)

I -. M -.7 Ln 0

E C

o I-

~ L 0 m~ m~>
Z C: -4 4. C~

r~-W

*4 x

CD

*isd 'd OiJtSwrIOA GA14ZeJJ3

I

a. 00

IO c 0.a_ ____ CL

LO

E

cC 0

0 0

L _

*isd )SSSJIS go'xj !so b 8.JngsSJd 01J0iclASO

161



-4 4-4 4-4

CN T)

rl ~ -4 -
V )~ - - Z -: * -

LI)

a))

0 E- E- X: V

0 C cc E-4

m~0

; CD L

Lo cc

*isd d 3IJLS~IOA ~i~9J~ -4--

c-

0 C 
- >

LI { 0, 0~-

0 0 .-0
Ll I L

-!ad assis IDXU *ad bGJMSG~d IJ04IA0

162_ ____



'4-4 0

-4 "- -4 CU
0 . 0 m. .

C14 -1 0 , 00 0)
-4 -~ m 0.C

/) ~0 0 ~ 1:

on~ 0 W 0 V)-

0 Q1

4J -4

I -L;

.4- 4- (v u m

00
L z

*!Sd *dOUen)AG13J

U), -U)
0) (fl U) C

LL Zi

0 L

I 0

LL

4-___ 1 4 1

U' -

163



0
) ~~4 4-4

0i~0 0 'T - .
I-W 'T 0%0 m 0 Lf

pa 000 C

0 _ _ _ _ _ ~ C

> ~
- z ~ 4 .4- *

L0

C) C. 0 0

*!sd -d 01iJ&ewnlIOA *AI 40JJ3 -

L . CL.

0 -

L0 (0x

LC

UC

U'))

*sd aseiS I4 ' 101 I-sd b SJnSSSJd OIJOLIDA6Q

164



-4 0
4.)

- En .- 4 0

00 4 00 -4
1 C14 bd -4 -7 ~

0 cu c

>~~~ C; J-

L. 0 m~ m >1
- Z j= H4 41

w W *-4 00C

m (A 4-1 En ~ C4

c w wi mO 4-1 J

_ -E- E- X:IQ 0 )c

L 0;z

aOL

0

C)

-0.
C~2Co

L 1L)
f-- -- -- - - - -- -)_ 0(f) -Lfl

LL

0 0 0 0 ...

0C 0 0)0 Ln 0 L 0
mf f0f Lfl

*ied) SOJA I0x! d b *Jn*0SJd DIJ0LIDAGQ

165



~ 0
-4 4-4 4-4

%0 E 0I " W)

_ _ _ -. V) 0.

C; C4 C4, 00' Ll

r- - 1- - 0 % Lt) Ln

CL - En 4
LC

z 4:1 -
$ *4 V

C;4 - 1 -4 - .-4
a 4-) V ) 4U E/

Ou a) m~ m 4

CuC

-r(n

0.9-

_ _ _ _ 
a-_ 0_ 0L

L 
CL

C;~o (n-

Coo
U)U'

L 0

L

0 CD 0

LL

*isd assJtS ioixt C sd b *Jss~ 0iJOIDI90

166



w -~ 0

,9 - 0 "0.

%D 00J ON -4*0' C
" rd - - 0 0% m

* u~ *~.i~ * *-4-f-c (n ~- 0'

> 4- -4

C z -- 4J en

_ _ _ _ 4-) Q) -4u

C;~~- 
-4- E4M

0 a
L z

0- 0

C-C

-!sd *d 0i.JtBwCnIA eAIteJJ3

00

L C)L
flIL0 00

Cu _

LO C L

4--

0 C; x
*isd~ ~*is b ~ JO4IAa

16



Section I-B: HANDLING AND TESTING OF UNDISTURBED SAMPLES

"Undisturbed" samples of hydraulic fill from the intact downstream

portion of Lower San Fernando Dam were provided by Geotechnical

Engineers, Inc. Sample void ratio changes during sampling, extrusion,

test set-up and consolidation were continuously monitored so that

steady-state strengths measured in laboratory IC-U triaxial tests could

be "corrected" for void ratio changes in order to derive estimates of

in-situ steady-state undrained strengths. Sample retrieval, handling

and set-up procedures employed were designed to minimize both sample

disturbance and sample volume (void ratio) changes.

B.1 Sampling

Two different sampling procedures were employed: (a) 2.8-inch

diameter piston sampling with thinwalled Shelby-type tubes in

conventional boreholes, and (b) 2.8-inch diameter hand-carved sampling

within a large-diameter exploratory test shaft.

Void ratio changes during piston sampling were evaluated based on

consideration of: (a) the ratio of the average diameter inside the

lead cutting edge of the thinwall Shelby tube vs. the internal tube

diameter, and (b) the ratio between the length of sampling tube

penetration vs. the length of the sample inside the tube following

removal from the borehole. Typical sampling penetration lengths were

approximately 2 feet, so that 2-foot long samples were retrieved. Void

ratio changes (_,e) during sampling were generally small; typical Ae <

0.02. Most piston samples were slightly densified during sampling,

through a few samples dilated slightly.
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Hand-carved samples were obtained by carving 2.8-inch diameter

cylindrical block samples ahead of an advancing 2.8-inch diameter

sampling tube. The tube was suspended by a sampling tripod, and was

periodically lowered as hand-trimming progressed. Hand-carved samples

were typically 14 inches in length. Volume changes during hand-carved

sampling were evaluated using measurements similar to those used to

evaluate piston sampling-induced volume changes. Void ratio changes

during hand-carved sampling were generally small, and most samples

densified slightly during sampling through some samples dilated

slightly.

Following sampling, all samples were trimmed and the length from

the tube ends to the ends of the samples were recorded so that sample

volume changes during transport could be monitored. After trimming and

measuring, fixed "packers" were inserted in the sample tubes to confine

the samples during transport. Most of the samples arrived at Stanford

University having undergone no volume change during transport.

B.2 Sample Extrusion and Test Set-Up:

Prior to sample extrusion, x-ray photographs of each sample tube

were consulted to identify attractive sample zones. Sample zones

showing striations due to layering between distinct soil zones of

different gradation were not tested. Attractive sample zones were

marked on the tube, and the end packers were briefly removed so that

sample volume changes during transport could be evaluated. Any

measured changes in sample length were assumed to represent volume

change distributed uniformly over the full length of the sample.

Measured transportation volume changes were typically negligible.

169



The tubes were next clamped vertically in a chain vise for

cutting, with a free-moving packer plate on top of the sample as a

measuring reference and a fixed packer supporting the base of the

sample in the tube. All cuts were made approximately 2 to 3 cm from

the preliminary "desired" final triaxial test sample ends, and the

chain vise was applied approximately one inch from the cutting

locations. A pair of circumferential ring stiffeners were applied

approximately one and two inches above the cutting location,

respectively. Each stiffener consisted of a steel ring with six radial

screws which were lightly hand-tightened to provide radial pressure and

confinement to minimize tube distortion during cutting. The tube was

cut by hand using a rotary pipe cutter. Light cutting contact pressure

was applied and the cutter was rotated slowly to minimize tube

distortions. Cutting pressure and rate were further decreased

immediately prior to "break-through". Each tube "cut" required

approximately 30 to 60 minutes. All cutting was performed by two

personnel who were rigorously drilled and practiced on numerous "dummy"

tubes prior to being allowed to work on actual sample tubes. The care

taken in cutting the sample tubes appears to have been successful, as

samnle volume changes during tube cutting were typically negligible.

(Volume changes were evaluated by measuring the distance from the top

of the tube to the free-moving packer plate at the top of the sample

both before and after cutting.) In the few instances that minor volume

changes were measured, these were assumed to be distributed within the

top "triaxial sample length" within the tube, as tube movements

(distortions) during cutting were localized at the tube end being cut.
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The cutting process resulted in a slight inward rotation at the

new lip of the cut tube, and some minor "burring" of this lip. The

sample was next trimmed to approximately one to two centimeters from

the newly cut tube end, and this lip was reduced and "de-burred" by

hand using a sharp surgical knife and a tungsten machinist's hand

cutting blade. Measurements before and after de-burring consistently

showed that this process caused no sample volume change.

Next the tube was advanced vertically and re-clamped in the chain

vise, and similar procedures were used to make a second tube cut

approximately at the base of the "desired" triaxial sample. This lower

end cut was not de-burred, as the sample would be subsequently extruded

through the upper end of the newly produced short tube section. A thin

steel plate with a sharp cutting edge was passed through the lower cut

to separate the new short tube section and sample from the parent tube.

Lower cuts were consistently found to produce no measurable sample

volume change.

This process resulted in production of short tube (and sample)

sections, with sample volume changes and dimensions of known (and

typically negligible) magnitude. These short tube sections were then

clamped vertically in a chain vise, and a stiff steel loading plate

with a diameter almost equal to the sample diameter was placed beneath

the sample. A hand-operated hydraulic jack was used to extrude the

sample by applying force to this steel base plate. Samples were

extruded in the direction of sample ingress during initial sampling to

avoid shear reversal, and were extruded through the "de-burred" ends of

the short sample tube sections. Some samples were placed overnight on

porous stones in a shallow water bath to draw water by capillary rise
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prior to extrusion, as this was found to be beneficial in reducing

sample/tube wall interface friction, particularly in "sandy" samples.

Samples were extruded into a confining membrane held by external

vacuum pressure to the sides of a forming mold with a diameter slightly

larger than the sample diameter so that no sample/membrane contact

occurred during extrusion. A gap between the top of the short sample

tube and the base of the forming mold permitted examination of the

sample during extrusion so that striated samples with distinct layers

of variable gradation could be avoided. A number of samples were

discarded because of such striation or layering at this stage, and

several additional samples had one end trimmed "short" resulting in

occasional testing of "short" triaxial samples with height: diameter

ratios as low as 1.8:1 to optimize sample homogeneity.

Following extrusion, the vacuum pressure holding the membrane to

the sides of the forming mold was released so that this membrane

applied a light lateral confining stress to the sides of the extruded

sample. A top cap and base plate were applied to the ends of the

sample, and the membrane was sealed to these with O-rings. A vacuum

pressure of 0.25 ksc was then applied to primarily "sandy" samples, but

none to primarily "silty" samples, and the samples were then placed in

a triaxial cell for testing. The average sample diameter and sample

height were measured at this stage to evaluate sample volume changes

during extrusion. These were usually found to be small but not

negligible, and were typically compressive though a few sandy samples

dilated during extrusion.

A number of samples were difficult to extrude, apparently due to

sample/tube wall interface friction associated with rust. accumulation
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on the tube walls. This was observed only with predominantly "sandy"

samples. Several samples which were difficult to extrude were also

found to suffer significant volume change during extrusion, and these

samples were discarded at this stage.

B.3 C-U Triaxial Testing:

Samples were saturated using the vacuum/back pressure saturation

techniques described in Section 2.2.1. A number of undisturbed samples

with high fines content were found to have high initial degrees of

saturation immediately after extrusion, and the vacuum application

stage of the vacuum/back pressure saturation process was omitted for

these samples. Upon completion of back-pressure saturation, samples

were consolidated to the desired initial effective confining stress

conditions (o'I,c and o'3,c). Volume changes were measured during

consolidation.

Two types of undrained loading were applied to samples following

initial consolidation: (a) monotonic axial loading to large strain for

undrained residual or steady-state strength evaluation, or (b) cyclic

axial loading for evaluation of undrained cyclic pore pressure

generation and cyclic strain behavior. Monotonic loading was strain-

controlled, and axial strain rates for each sample were selected to

permit equalization of the internal sample pore pressure field during

testing. Cyclic loading was computer-controlled/stress-controlled

loading with uniform sinusoidal loading cycles. Cyclic loading rates

varied from sample to sample, and were between 0.1 Hz and 0.5 Hz.

After completion of undrained shear testing, the final sample void

ratio was determined by measuring and drying the entire sample. Void

ratio estimates based on final dry unit weight and final sample volume
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were found to be in close agreement with void ratio estimates based on

final (fully saturated) water content.
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Section I-C: IC-U TRIAXIAL TESTS ON UNDISTURBED SAMPLES

A total of 16 isotropically consolidated-undrained triaxial tests were

performed on "undisturbed" samples of hydraulic fill from the downstream shell

of Lower San Fernando Dam. Sample extrusion and testing procedures employed

are described in Section I-B. All samples tested had a nominal diameter of

2.8-inches. Table 1-4 summarizes testing conditions as well as the results of

these IC-U tests. Figures C-i through C-32 present plots of (a) axial stress

vs. axial strain, (b) effective confining stress (03') vs. axial strain,

(c) deviatoric stress (1/2)(oI - 03) vs. (1/2)(o I ' - 03') and (d) soil

gradation for each of the samples tested.
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Section I-D: UNDRAINED CYCLIC TRIAXIAL TESTS ON
UNDISTURBED SAMPLES

A total of 19 cyclic triaxial tests were performed on undisturbed

samples of hydraulic fill. Figure D-1 through D-48 present plots of

(a) cyclic axial stress vs. time, (b) incremental pore pressure development

vs. time, (c) axial strain vs. time, and (d) soil sample gradation for each

cyclic test performed. On these figures; cyclic stress ratio is defined as

CSR = Od,c/ 2O'3,i and Kc = G'1,i/o'3,i at the end of consolidation. The

results of these tests are summarized in Figures 5-1 through 5-6, and 1-2 as

well as in Tables 5-1, 5-2 and 1-5.
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r

Time Iseconds)

NORMALIZED EXCESS PORE PRESSURE

E

CC65

Time [SeCo'nds)

A1XIAL STRAIIN

C 1

Time (secon~ds)

Test No. 1 B-value 0.989

Test Date :7/23/86 0,' :2.00 ksc

Material Tube 1104-UF8 1.00

Silty Sand (SM-ML), 20% fines. CSR :0.249

Figure D-1: UNDRAINED CYCLIC TR XIAL TEST No. 1: HYDRAULIC FILL
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-C.''E
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Test No. : 2 B-value : 0.996

Test Date : 7/23/86 03, i ' : 2.00 ksc

Material : Tube U104-UF8 Kc  : 1.00

Silty Sand (SM-ML), 8% fines. CSR : 0.319

Figure D-3: UNDRAINED CYCLIC TRIAXIAL TEST NO. 2: HYDRAULIC FILL
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0

C'
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a
-C.]. ..

0 SO 180 ISOc.-

Time (secondS)

Test No. 3 B-value : 0.997

Test Date : 7/24/86 03,i' : 2.00 ksc

Material : Tube UllIA-UFI8 Kc  : 1.00

Silty Sand (SM-ML), 15% fines. CSR : 0.270

Figure D-5: UNDRAINED CYCLIC TRIAXIAL TEST NO. 3: HYDRAULIC FILL
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0
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Test No. 5 B-value 0.995

Test Date 7/24/86 o3, i' 2.00 ksc

Material Tube U111A-UF18 Kc  1.00

Silty Sand (SM-ML), 19% fines. CSR 0.224

Figure D-7: UNDRAINED CYCLIC TRIXIAL TEST NO. 5: HYDRAULIC FILL
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Test No. 8 B-value : 0.995

Test Date 7/30/86 03,i ' 2.00 ksc

Material : Tube Ulll-UF18 Kc  1.00

Sandy Clayey Silt (ML), 56% fines. CSR 0.288

Figure D-9: UNDRAINED CYCLIC TRIAXIAL TEST NO. 8: HYDRAULIC FILL
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Test No. : 15 B-value : 0.986

Test Date : 8/12/86 73, i ' : 2.00 ksc

Material : Tube U102-UF1 Kc  : 1.00

Silty Sand (SM-ML), 35% fines. CSR : 0.193

Figure D-11: UNDRAINED CYCLIC TRIAXIAL TEST NO. 15: HYDRAULIC FILL
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Test No. : 17 B-value 0.989

Test Date : 8/14/86 03, i ' 2.00 ksc

Material : Tube Ulll-UF21 KC  : 1.00

Silty Sand (SM-ML), 25% fines. CSR : 0.184

Figure D-13: UNDRAINED CYCLIC TRIAXIAL TEST NO. 17: HYDRAULIC FILL
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Test No. : 18 B-value : 0.998

Test Date : 8/14/86 03, i  : 2.00 ksc

Material : Tube Ulll-UF21 Kc  : 1.00

Silty Sand (SM-KL), 17% fines. CSR : 0.162

Figure D-15: UNDRAINED CYCLIC TRIAXIAL TEST NO. 18: HYDRAULIC FILL
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(Figure D-15, continued)
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0
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Test No. : 21 B-value 0.988

Test Date : 8/14/86 o3, i '  2.00 ksc

Material : Tube U103-UF4 K c  1.00

Sandy Clayey Silt (ML), 63% fines. CSR : 0.282

Figure D-17: UNDRAINED CYCLIC TRIAXIAL TEST NO. 21: HYDRAULIC FILL
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0
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Test No. .922 B-value 0.996

Test Date : 8115186 03,i' 2.00 ksc

Material :Tube U103-UF4 K: 1.00

Silty Sand (SM-ML), 39% fines. CSR :0.243

Figure D-19: UNDRAINED CYCLIC TRIAXIAL TEST NO. 22: HYDRAULIC FILL
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Test No. :27 B-value :0.990

Test Date :8/19/86 0y3,i' : 2.00 ksc

Material :Tube U105-UF12 KC 1.00

Silty Clay (CL), 99% fines. CSR 0.255

Figure D-21: UNDRAINED CYCLIC TRIAXIAL TEST NO. 27: HYDRAULIC FILL
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Test No. : 30 B-value : 0.987

Test Date : 8/22/86 03,i' : 2.00 ksc

Material : Tube Ulll-UF4 K c  : 1.00

Silty Sand (SM-ML), 24% fines. CSR : 0.183

Figure D-23: UNDRAINED CYCLIC TRIAXIAL TEST NO. 30: HYDRAULIC FILL
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Test No. : 31 B-value 0.994

Test Date : 8/22/86 0 3i' : 2.00 ksc

Material : Tube UII-UF4 K c  : 1.00

Sandy Clayey Silt (ML), 58% fines. CSR : 0.208

Figure D-25: UNDRAINED CYCLIC TRIAXIAL TEST NO. 31: HYDRAULIC FILL
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Test No. 32 B-value 0.993

Test Date 8/22/86 33,i, 2.00 ksc

Material Tube UIll-UF9 K C  1.75

Silty Sand (SM-ML), 24% fines. CSR 0.293

Figure D-27: UNDRAINED CYCLIC TRIAXIAL TEST NO. i-: HYDRAULIC FILL
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(Figure D-27, continued)

238



NORMALIZED AXIAL STRESS

S C

4 4:

Time [seconds)

NORMALIZED EXCESS PORE PRESSURE

[. 7 _ _ -

2
U

E

1 7

Time (seconds)

AXIAL STRAIN

-I'

4-: 4 5 C

Time (seconds)

(Figure D-27, continued)

239



18iO!M Aq poui!od lu*sJOd

0 0 0 80

0

0

* 0

0

'-

zo

E

* 

7-

- z

it 00

7- 0

T~ L- -- -.

z. 10 fnN:

44 io -g Suls' lu*3A-

240



NORMAlLIZED AXIAlL STRESS

NORMALIZED EXCESS POPE PRESSURE

Lr)

- -5

r- E- S6lr~

AX IPL STRAIN

C3

'iesecornds)

Test No. :33 B-value :0.991

Test Date :8/24/86 03i 2.00 ksc

Material :Tube U11 K 1.75

Silty Sand (SM-ML), 1A, CSR 0.357

Figure D-29: UNDRAINED 'H.AXIA. TEST NO. 33: HYDRAULIC FILL
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igure D- ]: UNDRAINED CYCLIC TRIAXIAI 7ST N(., ,: HYDRAULIC FILL
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Test No. :35 B-value : 0,981

Test Date :8/25/86 03,1 : 2.0 s

Material : Tube UI05-UFlIIK 1.00

Silty Clay (CL), 98% fines. CSR :0.298

Figure D-33: UNDRAINED CYCLIC TRIAXIAL TEST NO. 35: HYDRAULIC FILL
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Test No. 36 B-value : 0.991

Test Date 8/26/86 0 3,i' 2.00 ksc

Material U105-UFII1C 1.00

Silty Clay (CL), 99% fines. CSR : 0.339

Figurfe D-35: UNDRAINED CYCLIC TRIAXIAL TEST NO. 36: HYDRAULIC FILL
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Test No. :39 B-value :0.995

Test Date : 8/30/86 o3, : 2.00 ksc

Material :Tube UIII-UF16 Kc : 1.00

Sandy Clayey Silt (ML), 83% fines. CSR :0.174

Figure D-37: UNDRAINED CYCLIC TRIAXIAL TEST NO. 39: HYDRAULIC FILL
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(Figure D-37, continued)
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Test No. : 40 B-value :0.989

Test Date : 8/28/86 03,i' :2.00 ksc

Material :Tube U111A-UF6 Kc :1.75

Silty Sand (SM-SP), 12% fines. CSR :0.287

Figure D-39: UNDRAINED CYCLIC TRIA L TEST NO. 40: HYDRAULIC FILL
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(Figure D-39, continued)
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(Figure D-39, continued)
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Test No. : 41 B-value :0.974

Test Date : 8/28/86 C'3,i' :2.00 ksc

Material Tube UL11A-UF6 K 1.75

Silty Sand (SM-ML), 17% fines. CSR :0.325

Figure D-41: UNDRAINED CYCLIC TRIAXIAL TEST NO. 41: HYDRAULIC FILL
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(Figure D-41, continued)

257



*4 Bi&M Aq peuiclea luO&Od

0 2 0 0 0 0 0

* 0

EE

0

0

0
oc

0

0L'o t K ! I
z E

6w z

0

II I' i iZ

o 0 0 0 0 0 0 0 0 0 - 2.
0 0. n r -

446toM Aq 6ulssod 4u&e)J~d

258



NORMA~LIZED AXIAL STRESS

E C

'0

Time [seconds)

NORMALIZED EXCESS PORE PRESSURE

~T

Co 1 C 1S 2:

Time (seconds)

AXIAlL STRAIN

a

C - ~ I0 15IS

Time (seconds)

Test No. 42 B-value :0.997

Test Date 8/29/86 03,i' :2.00 ksc

Material Tube U111A-UF7 KC 1.75

Silty Sand (SM-ML), 15% fines. CSR :0.297

Figure D-43: UNDRAINED CYCLIC TRIAXIAL TEST NO. 42: HYDRAULIC FILL

259



NORMALIZED AXIAL STRESS

Cr

-C.S

20S 2SC 300 350 4

Time (seconds)

NORMALIZED EXCESS PORE PRESSURE

m

M J -0. 7E

Ltn

C. H
V

2 r 2 C 300 3s0 40:

Time (seconds)

AXIAL STRAIN
Cl

C. 0E

a

L

-0.3
203 250 300 3504

Time (seconds)

(Figure D-43, continued)
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Test No. : 47 B-value : 0.991

Test Date : 9/3/86 33,i '  : 2.00 ksc

Material : Tube TS117 Kc  : 1.00

Silty Sand (SM-ML), 22% fines. CSR : 0.221

Figure D-45: UNDRAINED CYCLIC TRIAXIAL TEST NO. 47: HYDRAULIC FILL
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Test No. : 49 B-value : 0.998

Test Date : 9/4/86 03, i '  : 2.00 ksc

Material : Tube TS211 Kc  : 1.00

Silty Sand (SM-ML), 36% fines. CSR : 0.172

Figure D-47: UNDRINE CYCLIC IIAL TEST NO. 49: HYDAULIC FILL
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